Remarks 

Applicants appreciate the Examiner's withdrawal of the objections to the specification 
and claims regarding the use of brackets, the previous rejection of claims 2-16 under 35 U.S.C. 
§ 1 12, second paragraph, the rejection of claim 2 under 35 U.S.C. § 102(b), and the allowance of 
claims 14 and 15. 

Amendments 

Claim 1 has been amended to recite "wherein the chimeric protein binds and inhibits 
factor Vila / tissue factor complex and binds to and inhibits factor Xa." This recitation is 
supported on page 1, lines 4-5 of the specification: "This invention relates to chimeric proteins 
capable of simultaneously binding and inhibiting factor Vila/tissue factor complex (factor 
VIIa/TF complex) and factor Xa." 

This amendment was not previously made because Applicants believed their previous 
response was sufficient to overcome the previous rejections. The amendment adds no new 
matter and does not require a new search. 

Objections to Claims 2 and 16 

Claim 2 is objected to because it recites "wherein A, B, C, D, E, F, G may comprise 
portions of native TFPI or TFPI-2 sequences" and the recitation "or non-native sequence" 
present in the original claim was not shown as deleted. Applicants thank the Examiner for 
pointing out the missing recitation, which Applicants did not intend to delete at that time. In the 
present response, however, the entire recitation "wherein A, B, C, D, E, F, G may comprise 
portions of native TFPI or TFPI-2 sequences or non-native sequence," is deleted. For clarity, the 
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entire recitation is shown as deleted in the presently amended version of claim 2. 

The Final Office Action objects to the use of brackets in the formula recited in claim 16. 
To advance prosecution, the formula has been amended to use parentheses instead of brackets. 

The Obviousness-Type Double Patenting Rejections 

Claims 1-11, 16-25, and 73 stand rejected as obvious over claims 1-17 of U.S. Patent 
6,174,721. Claims 1-11, 16-27, and 73 stand rejected as obvious over claims 1-24 of U.S. Patent 
5,589,359. 

As noted in the Final Office Action, upon an indication of allowability of the pending 
claims but for the issue of obviousness-type double patenting, Applicants will consider filing a 
Terminal Disclaimer. 

The Rejection of Claims 1-1 L 13. 16-27, 73. and 88 Under 35 U.S.C. § 1 12. first paragraph 

Claims 1-11, 13, 16-27, 73, and 88 stand rejected under 35 U.S.C. § 112, first paragraph, 
as not enabled for the full scope of the recited muteins. Applicants respectfully traverse the 
rejection. 

To satisfy the enablement requirement of 35 U.S.C. § 112, first paragraph, the present 
specification must teach one of skill in the relevant art how to make and use chimeric proteins 
comprising a mutein of a Kunitz-type domain 1 or 2 of TFPI or TFPI-2 without the need for 
undue experimentation. In re Wright, 999 F.2d 1557, 1561, 27 U.S.P.Q.2d (BNA) 1510, 1513 
(Fed. Cir. 1993). The scope of enablement in the specification must bear a reasonable 
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correlation to the scope of the recited genera of muteins. In re Fisher, All F.2d 833, 839, 166 
U.S.P.Q. (BNA) 18, 24 (C.C.P.A. 1970). The present specification meets this standard. 

The specification defines "mutein" as "a normal or wild-type sequence in which 1-5 
amino acid substitutions have been made." Page 7, lines 26-27. In the previous response, 
Applicants pointed out that the specification teaches numerous examples of such muteins of 
TFPI and TFPI-2. See page 13, line 17, through page 14, last full paragraph of the response filed 
February 11, 2003. Applicants also pointed out that the specification teaches how to make the 
disclosed muteins. See the paragraph bridging pages 14 and 15 of the response filed February 
11, 2003. Applicants explained that these teachings bear a reasonable correlation to the scope of 
the recited genera of muteins of Kunitz-type domains 1 and 2 of TFPI or TFPI-2 and that, 
provided with these teachings, one skilled in the art would be able to make and use chimeric 
proteins comprising muteins of Kunitz-type domains 1 or 2 of TFPI or TFPI-2 without undue 
experimentation. See page 15, first full paragraph of the response filed February 11, 2003. 

The Final Office Action asserts that Applicants' arguments were not persuasive "because 
the mutein cited in the claim does not have any structural or function [sic; functional] 
description, thus, the claim would include various muteins, not just those indicated in the 
specification, thus it requires further guidance on the identities of the muteins and further 
experimentation to assess the inhibitory effects of the chimeric proteins containing these muteins 
against Factor VIIa/TF/Xa ." Page 10, lines 8-12. 

To advance prosecution, claim 1 has been amended to clarify that the chimeric protein 
"binds and inhibits factor Vila / tissue factor complex and binds to and inhibits factor Xa." This 
amendment excludes muteins that would render the claimed chimeric proteins non-functional. 
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Those skilled in the art would readily be able to identify muteins of the recited Kuriitz- 
type domains that fall within the scope of amended claim 2. Methods by which the inhibition of 
factor Vila / tissue factor complex and of factor Xa by either TFPI or TFPI-2 can be assayed 
were known in the art before the priority date of this application. See, e.g., Hamamoto et al, 1 
Biol Chem. 268, 8704-10, 1993 (attachment 1); Huang et al, "Kinetics of factor Xa inhibition 
by tissue factor pathway inhibitor " J. Biol Chem. 268, 26950-55, 1993 (attachment 2); Sprecher 
et al, Proa Natl Acad Sci. USA 91, 3353-57, 1994 (attachment 3, referred to in the 
specification at page 2, line 11). Such methods could easily be performed to determine whether 
a chimeric protein comprising any particular mutein(s) of the recited Kunitz-type domains had 
the recited functional properties. Because the specification provides guidance as to how to make 
such muteins and because the art knew how to assay TFPI and TFPI-2 proteins for the recited 
functions, such screening would merely have been routine. 

Applicants respectfully request withdrawal of the rejection. 

The Rejection of Claims 2-13 Under 35 U.S.C. § 1 1Z second paragraph 

Claims 2-13 stand rejected under 35 U.S.C. § 112, second paragraph, as indefinite. 
Applicants respectfully traverse the rejection. 

The rejection is based in part on the asserted indefiniteness of the recitation "wherein a, b 
are integers from 0-6." The Final Office Action asserts that if either a or b is 0, the chimeric 
protein A would not contain the two Kunitz domains recited in claim 1 . The Final Office Action 
acknowledges that because claims 2-13 depend from claim 1 and because claim 1 recites two 
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Kunitz domains, the combination a=b=0 is precluded. For the same reason, neither a nor b can 



The Final Office Action also asserts that the recitation "wherein A, B, C, D, E, F, G may 
comprise portions of native TFPI or TFPI-2 sequences or non-native sequence" is indefinite. To 
advance prosecution, this recitation has been deleted. 

Claims 2-13 are clear and definite as written. Applicants respectfully request withdrawal 
of the rejection. 

Please continue to address correspondence to Joseph H. Guth, Esq., Reg. No. 31,261, 
Chiron Corporation, Intellectual Property Dept., R440, 4560 Horton Street, Emeryville, CA 
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Human tissue factor pathway inhibitor (TFPI) is a 
plasma protease inhibitor that consists of three tandem 
Kunitz-type inhibitor domains flanked by a negatively 
charged NH a terminus and a positively charged COOH- 
terminal tail. Previous studies have shown that the 
first and second Kunitz-type domains in TFPI are in- 
volved in the inhibition of factor Vila and factor Xa 
activity, respectively. In the present study, we have 
compared the inhibitory properties of full-length re- 
combinant TFPI and a truncated form of TFPI lacking 
the third Kunitz-type domain and COOH-terminal tail 
(TFPI 1 * 161 ) with respect to inhibition of factor Vila- 
tissue factor complexes on the surface of a human 
bladder carcinoma cell line J82. Full-length TFPI and 
TFPI 1 " 161 were kinetically indistinguishable with re- 
spect to neutralization of the proteolytic activity of 
preformed complexes of factor Vila-tissue factor on 
the J82 cell surface in the absence of factor Xa. Equi- 
molar amounts of factor Xa augmented the anticoagu- 
lant activity of both preparations of TFPI to the same 
extent, and both preparations of TFPI were equally 
effective in inhibiting factor Vila-tissue factor ami- 
dolytic activity in solution phase. In addition, plasma 
concentrations of both forms of TFPI, in stoichiometric 
complex with factor Xa, inhibited cell surface factor 
Vila-tissue factor proteolytic activity markedly faster 
than plasma levels of antithrombin III, even in the 
presence of 1 unit/ml heparin. The results of displace- 
ment studies suggested slight differences in the affinity 
of the two TFPI molecules for the cell surface in that 
-5% of a Vila TF Xa TFPI 1 " 161 quaternary complex 
on J82 cells was displaceable from the cell surface by 
high concentrations of factor Vila (10-100 nM), 
whereas only 1-2% of a Vila TF-Xa - TFPI complex 
was displaceable under comparable conditions. Pre- 
treatment of the cells with TFPI/Xa alone or together 
with R152E factor VII, followed by factor Vila treat- 
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ment, revealed significant differences in the two TFPI 
forms with respect to the degree with which offered 
factor Vila could restore factor X activation on the cell 
surface. These differences notwithstanding, our collec- 
tive findings indicate that the third Kunitz-type do- 
main and/or COOH-terminal tail of TFPI is not essen- 
tial for the inhibition of cell surface factor Vila-tissue 
factor complexes and suggests that TFPI 1 ' 161 may be a 
useful therapeutic agent in the treatment of throm- 
boembolic episodes. 



The extrinsic pathway of blood coagulation is initiated 
when circulating factor VII or factor Vila binds to its cofactor, 
tissue factor, presented by many cell types in extravascular 
tissues (1). This cell surface factor Vila-tissue factor complex 
rapidly activates factor IX and factor X by limited proteolysis, 
which eventually leads to the formation of thrombin and a 
fibrin clot. Tissue factor pathway inhibitor (TFPI) 1 is a cir- 
culating multidomain Kunitz-type protease inhibitor that is 
thought to play a major role in the regulation of factor Vlla- 
tissue factor proteolytic activity in vivo (for reviews, see Refs. 
2 and 3). TFPI is a 42-kDa glycoprotein that consists of a 
negatively charged NH 2 -tenninus, three tandem Kunitz-type 
inhibitor domains, and a positively charged COOH-terminal 
tail (4). The majority of plasma TFPI circulates in complex 
with plasma lipoproteins (5, 6), although the functional sig- 
nificance of this complex has yet to be elucidated. Preliminary 
evidence suggests that the COOH-terminal tail of TFPI plays 
a role in the association of TFPI with lipoproteins (7). Al- 
though the integrity of the TFPI COOH-terminal tail does 
not appear to be important for its activity in a two-stage 
chromogenic assay, an intact undegraded COOH-terminal tail 
in TFPI is essential for maximum expression of its anticoag- 
ulant activity in a dilute tissue factor-based coagulation assay 
(8, 9). 

Based on the results of several studies (10-12), TFPI ap- 
pears to inhibit factor Vila-tissue factor by a novel two-step 
reaction mechanism. In the first step, factor Xa binds to the 
second Kunitz-type domain of TFPI in a calcium-independent 
manner, resulting in the loss of factor Xa proteolytic and 
amidolytic activity. In a subsequent calcium-dependent step, 

1 The abbreviations used are: TFPI, full-length tissue factor path- 
way inhibitor, TFPI 1 " 161 , recombinant COOH-terminal truncated 
TFPI containing residues 1-161; EGRck, Glu-Gly-Arg-chloromethyl 
ketone; DEGRck, dansyl-Glu-Gly-Arg-chloromethyl ketone; GD, 
Gla-domainless; dansyl, 5-dimethylaminonaphthalene-l-sulfonyl. 
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the TFPI/Xa complex interacts with and neutralizes factor 
Vila through an interaction of the first Kunitz-type domain 
of TFPI with the active site of factor Vila. Whether this two- 
step mechanism for the inhibition of factor Vila-tissue factor 
by TFPI occurs exclusively in vivo is unknown. Recent studies 
indicate that although factor Xa greatly potentiates the TFPI- 
mediated inactivation of cell surface factor Vila-tissue factor 
complexes, TFPI alone significantly inhibited the activation 
of factor IX by factor Vila in complex with cell surface tissue 
factor (13). In addition, earlier work from our laboratory 
demonstrated that recombinant TFPI inhibited the amidoly- 
tic activity of solution-phase factor Vila-tissue factor in a 
dose-dependent and factor Xa-independent manner (14). 

The function, if any, of the third Kunitz-type domain of 
TFPI remains unknown. In an effort to elucidate a role for 
this domain in TFPI activity, we have compared the ability 
of full-length TFPI with that of a COOH-terminal truncated 
derivative of TFPI, TFPI 1 " 161 , lacking the third Kunitz-type 
domain and the COOH-terminal tail, to inhibit the proteolytic 
activity of factor Vila in complex with cell surface tissue 
factor. We report herein the inhibitory properties of these 
two TFPI preparations, which appear indistinguishable inso- 
far as their ability to inhibit cell surface factor Vila-tissue 
factor complexes. 

EXPERIMENTAL PROCEDURES 

Materials— Bovine serum albumin (fatty acid-free), phosphatidyl- 
choline, phosphatidylserine, trypsin (1 x solution; tissue culture 
grade), penicillin-streptomycin (10* unite of penicillin and 10 mg of 
streptomycin/ml) and Hepes were obtained from Sigma. Sodium 
heparin (100 USP units/ml) was obtained from Solopak Laboratories. 
Affi-Gel 10 and Affi-Gel 15 were purchased from Bio-Rad. Benzoyl- 
ne-Glu-Gly-Arg-p-nitroanilide (S-2222) and H-D-Ile-Pro-Arg-p-ni- 
troanilide ($-2288) were obtained from Helena Laboratories. Glu- 
Gly-Arg-chloromethyl ketone (EGRck) and dansyl-Glu-Gly-Arg- 
chloromethyl ketone (DEGRck) were obtained from Calbiochem. 
Tissue culture flasks and 24-well plates were obtained from Corning. 
Microtitration plates (96 wells) were obtained from Dynatech Labo- 
ratories. Minimum essential medium (Eagle's) and nonessential 
amino acids were purchased from Mediatech* Fetal bovine serum was 
obtained from HyClone Laboratories. All other reagents were the 
highest purity commercially available. 

Cell Culture— Human bladder carcinoma J82 cellB (ATCC HTB-1) 
were cultured as described previously (15). Factor X activation studies 
on J82 cell monolayers were performed within 24 h after reaching 
confluence in 24-well plates (2 cmVwell). 

Proteins— Full-length recombinant human TFPI was expressed in 
baby hamster kidney cells and purifi ed as described (8). A carboxyl- 
terminal truncated variant of TFPI, TFPI 1 " 161 , lacking the third 
Kunitz-type domain and the COOH-terminal tail, was expressed in 
Saccharomyces cerevisiae and purified by a combination of ion ex- 
change and gel permeation column chromatography. The details of 
the purification and characterization of TFPI 1 " 161 will be reported 
separately. 2 Human plasma-derived factor X, factor Xa, and anti- 
thrombin III were purified as described (16, 17). Published procedures 
were used to purify rabbit anti-TFPI IgG (18), Gla-domainless factor 
Xa (18), DEGRck-inactivated factor Xa (18), recombinant wild-type 
factor Vila (19), recombinant R152E factor VII 3 (20) and recombinant 
S344A factor VII 3 (21). S344A factor Vila was prepared by incubating 
S344A factor VII with factor Xa {E/S « 1/500) at 37 °C for 1 h in 
the presence of TBS (TBS, 50 mM Tris-HCl (pH 7.5) containing 100 
mM NaCl), 5 mM CaCl 3 , and 10 jiM phosphatidylcholine/phosphati- 
dylserine (70/30, mol/mol) followed by purification on a CaFVII22- 
Affi-Gel 10 column as described (21). The purified S344A factor Vila 
(10 ufA) was then treated with DEGRck (1 mm) at 37 °C for 1 h to 



2 Petersen, J. G., Meyn, G., Rasmussen, J. S., Petersen, J., Jonas- 
sen, I., Christiansen, L., and Nordfang, O. (1993) J. Biol Chem, 268, 
in press. 

3 Mutant factor VII and factor X are designated according to the 
notation described by Shapiro and Vallee (39), in which the single- 
letter code for the original amino acid is followed by its position in 
the sequence and the single-letter code for the new amino acid. 
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inactivate trace amounts of factor Xa and subsequently dialyzed 
extensively against TBS. Recombinant human tissue factor apopro- 
tein, produced in Escherichia coli and purified by immunoaffinity 
chromatography (22), was kindly provided by Dr. Gordon Vehar, 
Genentech, Inc., South San Francisco. Relipidation of tissue factor 
apoprotein was carried out as described (21). The effective tissue 
factor apoprotein concentration in relipidated samples was assumed 
to be 50% of the total tissue factor apoprotein concentration (23). A 
calcium-dependent murine anti-human factor X monoclonal antibody 
(mAb CaFX40) was produced in Balb/c mice essentially according to 
Kohler and Milstein (24) and purified from ascites fluid by affinity 
chromatography on a human factor X-Affi-Gel 15 column equili- 
brated at room temperature with TBS, 5 mM CaCl 2 . The mAb CaFX40 
was eluted from the affinity column with TBS, 30 mM EDTA and 
dialyzed against TBS, 0.02% NaN 3 . All proteins were homogeneous 
as judged by SDS-polyacrylamide gel electrophoresis. 

General Methods— SDS-polyacrylamide slab gel electrophoresis 
was performed according to Laemmli (26) using 10% polyacrylamide 
separating gels. Standard DNA techniques were carried out as de- 
scribed (26). Synthetic oligonucleotides were prepared by solid-phase 
phosphoramidite chemistry on an automated synthesizer (Applied 
Biosystems model 380). Nucleotide sequence determinations were 
performed by the dideoxy chain termination technique (27). Factor 
VII concentrations were determined by an enzyme-linked immuno- 
sorbent assay (28) essentially as described (20). The concentrations 
of all other proteins used in this study were determined according to 
Bradford (29) using bovine serum albumin as the reference protein. 

Preparation and Purification of S376A Factor X— The human 
factor X cDNA was obtained from Dr. Earl Davie, University of 
Washington, Seattle. The natural £coRI site encoded within the 
coding sequence of factor X had previously been silently mutated to 
result in a factor X cDNA that was entirely contained in a single 
1500-nucleotide EcoTU fragment. Two independent oligonucleotide - 
directed mutagenesis protocols (30) were employed to create amino 
acid substitution mutations. The first was to mutate the active site 
serine 376 to alanine. The second mutation changed the threonine at 
position -2 in the propeptide to arginine. RF DNA was prepared for 
each of these mutants and recombined to create a mutant factor X 
cDNA that contained both sequence changes. A 1090-nucleotide Pstl- 
EcoTU 3' end fragment containing the S376A mutation was Hgated 
within a 410-base pair 5' end EcdRhPstl fragment containing the T- 
2R mutation, and both were ligated into the EcoKL site of the 
mammalian cell vector Zem229R (31). The resulting construct was 
sequenced to verify the presence of both mutations and the absence 
of additional mutagenesis-induced changes. Baby hamster kidney 
cells were transfected with the factor X expression plasmid by the 
calcium phosphate procedure (32). For selection of stable colonies, 
the cells were divided 48 h after transfection into medium containing 
250 nM methotrexate. Colonies were screened for factor X production 
by an immunofilter assay (33) and grown individually for protein 
analysis. One clone was selected for its stability and expression level 
and initially grown in serum-containing medium and subsequently in 
serum- free medium containing 5 jig/ml vitamin K. Serum- free culture 
supernatants were collected, made 50 mM in benzamidine, filtered 
through a 0.22-jim filter, and subsequently made 10 mM in CaClj. 
The calcified filtered medium was then applied to a column (1.6 x 15 
cm) of mAb CaFX40-Affi-Gel 10 equilibrated at 4 °C with TBS, 10 
mM CaCl 2 at a flow rate of ~30 ml/h. Following sample application, 
the column was washed with TBS, 10 mM CaCl 2 . S376A factor X was 
then eluted from the column with TBS, 30 mM EDTA, and stored at 
-80 *C. Purified S376A factor X was devoid of coagulant activity and 
exhibited no amidolytic activity following incubation with the factor 
X activator from Russell's viper venom in the presence of calcium. 

Inhibition of Factor Vila Activity on J82 Cells by Recombinant 
TFPI— Wells of a 24-well plate were seeded with 5 x 10 5 J82 cells 
and grown to confluence. Each well was washed once with buffer A 
(10 mM Hepes (pH 7.45) containing 137 mM NaCl, 4 mM KC1, and 
11 mM glucose) supplemented with 10 mM EDTA and subsequently 
washed three times with buffer A. Each well was then incubated with 
10 nM recombinant factor Vila in buffer A supplemented with Q&% 
bovine serum albumin and 5 mM CaCl 2 (buffer A+) for 2 h at 37 °C 
with constant oscillation (50 rpm) on an orbit shaker (Lab-Line). 
After this period, cells were washed six ti mes with buffer A-K TFPI 
(2.5 nM), or a preformed complex of TFPI/Xa (2.5 nM TFPI/2.5 nM 
factor Xa), dissolved in buffer A+, were added to the cells in a volume 
of 250 *tl and incubated at 37 °C. At selected times, the supernatants 
were aspirated and each well washed six times with buffer A+. Factor 
X activation on the washed cell surface was then determined in a 
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two-stage assay using the factor Xa-specific chromogenic substrate 
S-2222. In this assay, each well was treated with 500 td of buffer A+ 
containing 267 nM factor X. After 5 min at room temperature, an 
aliquot (250 id) of the supernatant was transferred to a tube contain- 
ing 10 fd of 0.5 M EDTA. An aliquot (100 fd) of this incubation 
mixture was added to a polystyrene cuvette containing 900 /jl of 50 
fflM Tris-HCl (pH 8.3), 150 mM NaCl, 110 **M S-2222. The absorbance 
at 405 nm was continuously recorded using a Beckman DU-65 spec- 
trophotometer. Factor Xa concentrations were interpolated from a 
standard curve relating AAWmui and factor Xa concentrations. In 
some experiments, TFPI/Xa complexes were substituted with a mix- 
ture of TFPI (2.5 nM) and either plasma-derived factor X (100 nM) 
or S376A factor X (100 nM). In addition, the ability of antithrombin 
III (3 mM), in the presence or absence of factor X (100 nM) or heparin 
(1 unit/ml), to inhibit the activation of factor X by cell surface factor 
Vila-tissue factor was also assessed in this system. 

Inhibition of Factor Vila-Tissue Factor Amidolytic Activity by 
TFPI— Relipidated recombinant human tissue factor apoprotein (20 
nM effective concentration) and factor Vila (20 nM) were coincubated 
in a 96-well microtitration plate in 50 fd of buffer A+. Follow ing a 5- 
min incubation at 37 °C, 50 fd of either TFPI (20 nM), TFPI/Xa (20 
nM/20 nM), or TFPI/factor X (20 nM/100 nM) was added to the well 
and incubated at 37 e C. At selected times, 40 fd of S-2288 (final 
concentration, 0.57 mM) was added to the well and the absorbance at 
405 nm determined continuously in a kinetic microplate reader (Mo- 
lecular Devices model UVmax). 

Effect of TFPI and TFPI/Xa on the Displacement of S344A Factor 
Vila from Cell Surface Tissue Factor by Factor Vila— Confluent 
monolayers of J82 cells in 24-well plates were initially washed as 
described above. The J82 cell monolayers were then incubated for 2 
h at 37 *C with 250 fd of buffer A+ containing 10 nM S344A factor 
Vila in the presence or absence of TFPI/Xa (2.5 nM/2.5 nM) or 
TFPI/GD-Xa (2.5 nM/2.5 nM). Following this incubation, wells were 
washed six times with buffer A+ and subsequently treated with 
various concentrations of factor Vila (0-100 nM) in 250 fd of buffer 
A+. After an additional incubation for 2 h at 37 °C, wells were washed 
six times with buffer A+ and factor X activation on the cell surface 
determined as described above. 

RESULTS 

Inhibition of Factor Vila-Tissue Factor Activity on J82 Cells 
by TFPI— The ability of plasma concentrations (2.5 nM) of 
TFPI and TFPI 1 " 161 to inhibit the proteolytic activity of factor 
Vila-tissue factor complexes on J82 monolayers were com- 
pared in the presence and absence of factor Xa, GD-factor 
Xa, DEGRck-factor Xa, factor X, and recombinant S376A 
factor X. In these experiments, J82 cell surface tissue factor 
was initially saturated with factor Vila. TFPI, or an equimolar 
complex of TFPI/Xa preincubated for 30 min at 37 °C, was 
then added to the cell surface and incubated for varying times. 
At each incubation time point, the cells were washed and 
residual factor Vila-tissue factor activity assessed as judged 
by its ability to activate factor X. In those experiments using 
factor X, the TFPI and factor X (or S376A factor X) were 
added simultaneously without a preincubation step. Fig. 1 
illustrates that both preparations of TFPI inhibited cell sur- 
face factor Vila-tissue factor activity -20% in a 60-min 
incubation period in the absence of factor X or factor Xa. 
These results are in good agreement with that of Callander et 
at (13) who first reported the inhibition of the factor Vila- 
mediated activation of factor IX by 2.7 nM TFPI on an ovarian 
carcinoma cell line that constitutively expresses cell surface 
tissue factor. In the presence of factor Xa, factor X, and 
S376A factor X, both TFPI and TFPI 1 " 161 were kinetically 
indistinguishable with respect to factor Vila-tissue factor 
neutralization rate (Fig. 1). Interestingly, S376A factor Xa, 
generated in the initial phase of the incubation, augmented 
the activity of both TFPI preparations to the same extent as 
factor Xa and revealed that the active site serine residue in 
factor Xa was not essential for its interaction with TFPI (Fig. 
1). Consistent with earlier results (10), neither GD-factor Xa 
nor DEGRck-factor Xa were able to potentiate the activity of 
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Fig. 1. Inhibition of factor Vila-tissue factor activity by 
TFPI on J82 cells: effect of factor Xa and factor X. Confluent 
monolayers of J82 cells in 24-weU plates were preincubated for 2 h at 
37 *C with 10 nM factor Vila, washed six times with buffer A+, and 
subsequently incubated for varying times with eithe r 2.5 nM TFPI 
(O), 2.5 nM TFPI, 2.5 nM factor Xa (•), 2.5 nM TFPI, 100 nM factor 
X (A), or 2.5 nM TFPI, 100 nM S376A factor X (■). FoUowing 
incubation, cells were washed six times with buffer A+ and factor X 
activation assessed on the cell surface as described under "Experi- 
mental Procedures." A, TFPI; B, TFPI 1 " 161 . 
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Fig. 2. Inhibition of factor Vila-tissue factor activity by 
TFPI on J82 cells: effect of factor Xa, GD-factor Xa, and 
DEGRck-inactivated factor Xa. Confluent monolayers of J82 cells 
in 24-well plates were preincubated for 2 h at 37 9 C with 10 nM factor 
Vila, washed, and subsequently incubated for varying tines at 37 *C 
with either 2.5 nM TFPI (O), 2.5 nM TFPI, 2.5 nM factor Xa (•), 2.5 
nM TFPI, 2.5 nM GD-factor Xa (A), or 2.5 nM TFPI/2.5 nM DEGRck- 
factor Xa (■). Following incubation, cell were washed six times with 
buffer A+ and factor X activation assessed on the cell surface as 
described under "Experimental Procedures." A, TFPI; 5, TFPP- 1 ^. 

either TFPI preparation on the cell surface (Fig. 2). In light 
of the fact that S376A factor Xa augmented TFPI activity 
while DEGRck-factor Xa failed to do so, it is reasonable to 
conclude that the bulky DEGRck alkylating agent sterically 
blocks the factor Xa active site pocket, thus preventing the 
interaction of the second Kunitz-type domain in TFPI with 
the factor Xa active site. Presumably, the inability of diiso- 
propylphosphoryl-factor Xa to form a complex with TFPI 
(10) also relates to a bulky substituent in the factor Xa active 
site pocket. 

Inhibition of Factor Vila-Tissue Factor Amidolytic Activity 
by TFPI— Earlier work from our laboratory indicated that 
TFPI inhibited the amidolytic activity of a factor Vila-tissue 
factor complex in the absence of factor X or factor Xa (14). 
Accordingly, we examined whether or not TFPI and TFPI 1 " 
161 were equally effective in inhibiting factor Vila-tissue factor 
amidolytic activity toward the chromogenic substrate, S-2288, 
in the presence and absence of added factor Xa or factor X. 
Fig. 3 demonstrates that TFPI and TFPI 1 " 161 both inhibited 
factor Vila-tissue factor amidolytic activity at essentially the 
same rate in the absence of factors X and Xa, confirming our 
earlier finding with TFPI (14). In the presence of factor Xa 
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INCUBATION TIME (mln) 

Fig. 3. Inhibition of factor Vila-tissue factor amidolytic 
activity by TFPI: effect of factor Xa and factor X. Preformed 
complexes of relipidated tissue factor apoprotein (10 riM effective 
concentration) and 10 nM factor Vila were incubated for varying 
times at 37 °C with either 10 nM TFPI (O), 10 nM TFPI, 10 nM factor 
Xa (•), or 10 nM TFPI, 100 nM S376A factor X (■). Following 
incubation, the amidolytic activity of factor Vila-tissue factor was 
determined in a kinetic microp late r eader using S-2288 as the chro- 
mogenic substrate. A, TFPI; B, TFPI 1 " 161 . 




INCUBATION TIME (min) 

Fig. 4. Inhibition of factor Vila-tissue factor activity on 
J82 cells by TFPI/Xa and antithrombin III: effect of heparin. 

Confluent monolayers of J82 cells in 24-well plates were preincubated 
for 2 h at 37 *C with 10 nM factor Vila, washed six times with buffer 
A+, an d sub sequently incubated for varying times at 37 *C with either 
2.5 nM TFPI, 2.5 nM factor Xa (O, •) or 3 ftU antithrombin in (A, 
▲) in the presence (•, ▲) or absence (O, A) of 1 unit/ml heparin. 
Following incubation, the cells were washed six times with buffer A+ 
and factor X activation assessed on the cell surface as described under 
"Experimental Procedures." 

or S376A factor X, both preparations of TFPI rapidly inhib- 
ited factor Vila-tissue factor amidolytic activity at virtually 
the same rate (Fig. 3). 

Inhibition of Factor Vila-Tissue Factor Activity on JS2 Cells 
by TFPI/Xa and Antithrombin III— The preceding studies 
demonstrated that plasma concentrations of TFPI, in the 
presence of factor Xa or factor X, rapidly neutralized factor 
Vila-tissue factor proteolytic activity on cell surfaces. Inas- 
much as the plasma concentration of antithrombin III is 
essentially 3 orders of magnitude higher than TFPI and 
conceivably could contribute to the neutralization of factor 
Vila-tissue factor activity in vivo, we next designed experi- 
ments to assess the relative abilities of plasma concentrations 
of TFPI/Xa complexes and antithrombin III, in the presence 
or absence of heparin, to neutralize cell surface factor Vlla- 
tissue factor proteolytic activity. In the absence of heparin, 
plasma concentrations of antithrombin III (3 fiM) inhibited 
cell surface factor Vila-tissue factor activity at a relatively 
slow rate (Fig. 4). In the presence of 1 unit/ml heparin, the 
ability of antithrombin III to neutralize factor Vila-tissue 



factor was modestly enhanced such that ~50% of cell surface 
factor Vila-tissue factor activity was neutralized in 30 min. 
In comparison, plasma levels of TFPI/Xa (2.5 nM each) 
rapidly inhibited cell surface factor Vila-tissue factor such 
that factor Vila activity was inhibited 50% in ~4 min and 
>90% inhibited in -15 min. In contrast to antithrombin III 
activity, heparin (1 unit/ml) did not measurably enhance the 
rate of TFPI/Xa neutralization of factor Vila-tissue factor 
activity (Fig. 4). TFPP' 181 /Xa (2.5 nM each), in the presence 
and absence of heparin, produced essentially the same rate of 
factor Vila-tissue factor inhibition as the same concentration 
of TFPI/Xa (data not shown). 

In another series of experiments, we investigated the effects 
of various combinations of TFPI (2.5 nM), antithrombin III 
(3 jiM), heparin (1 unit/ml), and factor X (100 nM) with 
respect to inhibition of cell surface factor Vila-tissue factor 
after a 30-min incubation at 37 °C. The results of these studies 
are presented in Table I. Interestingly, the copresence of 
antithrombin III, heparin, and factor X resulted in —85% 
inhibition of factor Vila-tissue factor and was essentially 
identical to that observed with the copresence of TFPI, anti- 
thrombin III, and factor X. Deletion of heparin from this 
system produced a factor X activation rate essentially iden- 
tical to that observed for antithrombin III alone (69 versus 
70%). Furthermore, decreasing the heparin concentration in 
the system increased the rate of factor X activation in a dose- 
dependent manner. For example, factor X activation rates of 
32 and 42% were observed in the presence of 0.1 unit/ml and 
0.01 unit/ml heparin, respectively. Both plasma-derived factor 
X and recombinant S376A factor X, at 100 nM concentration, 
were equally effective in inhibiting cell surface factor Vila- 
tissue factor in the presence of antithrombin III and heparin. 
In addition, the inhibitory effect of this combination was in 
all likelihood not due to TFPI contaminating the antithrom- 
bin III preparation, as antithrombin III preparations prein- 
cubated with either normal rabbit IgG or rabbit anti-TFPI 
IgG produced identical results (data not shown). Precisely 
how heparin and factor X modulate the inhibitor activity of 
antithrombin III in this system is unknown and merits further 
investigation. 

Effect of TFPI and TFPI/Xa on the Displacement of S344A 
Factor Vila from Cell Surface Tissue Factor by Factor Vila— 
In the next series of experiments, we investigated whether 
the third Kunitz-type domain and COOH-terminal tail of 
TFPI were involved in the stabilization of the VHa-TF-Xa- 
TFPI quaternary complex on the cell surface. In these exper- 



Table I 

Neutralization of cell surface factor Vila-tissue factor by various 
combinations of TFPI, antithrombin III, heparin, and factor X 





Additive 






Factor X activation 


TFPI- 


AT/III* 


Hep* 


x- 


rate 










nM/min 










3.00 


+ 


+ 


+ 


+ 


0.21 


+ 






+ 


0.30 


+ 






+ 


0.36 


+ 


+ 




+ 


0.42 




+ 


+ 


+ 


0.42 




+ 


+ 




1.44 




+ 




+ 


2.07 




+ 






2.10 


+ 








2.28 


+ 




+ 




2.40 



"Full length TFPI (2.5 nM). 
b Antithrombin III (3 pM). 
'Heparin (1 unit/ml). 
d FactorX(100 nM). 
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iments, S344A factor Vila (10 nM), TFPI (2.5 nM), and factor 
Xa (2.5 nM) were initially coincubated on the J82 cell surface 
for 2 h at 37 *C. Following a series of washes, the cells were 
offered varying concentrations of factor Vila and incubated 
another 2 h at 37 °C. Following another series of washes, the 
ability of cell surface factor Vila-tissue factor to activate 
factor X was determined. The results of these studies are 
shown in Fig. 5. Pretreatment of the cells with S344A factor 
Vila alone, or in combination with a preformed complex of 
TFPI • GD-Xa, followed by treatment with increasing concen- 
trations of factor Vila, resulted in displacement of the S344A 
factor Vila or the S344A factor Vila- TFPL GD-Xa ternary 
complex, from tissue factor and regeneration of functional 
factor Vila-tissue factor sites. Half-maximal factor X activa- 
tion rate was observed with 3-5 nM offered factor Vila (Fig. 
5). In sharp contrast, pretreatment of the cells with either 
S344A factor VHa/TFPI/Xa or S344A factor Vna/TFPI 1 - 161 / 
Xa, followed by treatment with increasing concentrations of 
factor Vila, resulted in the regeneration of 1-2 and 5% of 
potential factor Vila-tissue factor activity, respectively (Fig. 
5). Increasing the TFPI/Xa or TFPI 116 7Xa concentrations 
to 10 nM each completely prevented the subsequent displace- 
ment of S344A factor Vila from cell surface tissue factor (data 
not shown). Similar results were observed when S344A factor 
Vila was replaced with factor Vila in this system, although 
factor Vila- TF-Xa- TFPI displacement was slightly higher 
at 100 nM offered factor Vila (5 and 10% for TFPI and TFPI 1 " 
ia \ respectively, compared with 2 and 5% using S344A factor 
Vila). These findings indicate that the factor Vila active site 
serine residue is not essential for complex formation with 
TFPI/Xa and suggests that Vila - TF Xa TFPI quaternary 
complexes exhibit a slightly higher affinity for the cell surface 
than Vila . TF - Xa • TFPI 1 " 161 quaternary complexes. 

We next investigated whether a mutant factor VII molecule 
(R152E factor VII), incapable of activation, could serve to 
form a quaternary complex of factor VII TF-Xa- TFPI on 
the cell surface. To our surprise, coincubation of R152E factor 
VII with TFPI/Xa resulted in only 30% of maximal factor X 
activation rate on the cell surface, whereas coincubation of 
R152E factor VII with TFPp- 161 /Xa resulted in -60% maxi- 
mal factor X activation rates on the cell surface (Fig. 6). SDS- 
polyacrylamide gel electrophoresis and autoradiography ex- 
periments using 1S5 I-labeled R152E factor revealed no change 
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FACTOR Vila ADDED (nM) 

Fig. 5. Effect of TFPI and TFPI/Xa on the displacement of 
S344A factor Vila from cell surface tissue factor by factor 
Vila, Confluent monolayers of J82 cells in 24-well plates were 
incubated for 2 h at 37 # C with either 10 nM S344A factor Vila (O), 
10 nM S344A factor Vila, 2.5 nM TFPI, 2.5 nM factor Xa (•), or 10 
nM S344A factor Vila, 2.5 nM TFPI, 2.5 nM GD-factor Xa (A). 
Following incubation, cells were washed six times with buffer A+ and 
treated with various concentrations of factor Vila. After a 2-h incu- 
bation at 37 *C, cells were washed and factor X activation assessed 
on the cell surface as described under "Experimental Procedures." A, 
TFPI; B y TFPI 1 " 161 . 
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FACTOR Vila ADDED (nM) 

Fig. 6. Effect of TFPI/Xa on the displacement of R152E 
factor VH from cell surface tisane factor by factor Vila. 

Confluent monolayers of J82 cells in 24-well plates were incubated 
for 2 h at 37 *C with either 10 nM R152E factor VII (O) or 10 nM 
R152E factor VII, 2.5 nM TFPI, 2.5 nM factor Xa (A). Cells were 
then washed six times with buffer A+ and subsequently incubated 
for 2 h at 37 "C with various concentrations of factor Vila. Following 
this incubation, cells were washed six times and factor X activation 
assessed on the cell surface as described under "Experimental Pro- 
cedures." The effect of coincubating S344A factor VUa/TFPI/Xa 
prior to factor Vila treatment (taken from Fig. 5) is included for 
comparison (•). A, TFPI; B, TFPI 1-161 . 

in R152E factor VII structure throughout the incubation 
period (data not shown). This result suggested that zymogen 
factor VII could participate in the formation of a VII -TP. 
Xa-TFPI quaternary complex on the cell surface. However, 
subsequent studies revealed that pretreatment of the cells 
with TFPI/Xa (2.5 nM/2.5 nM) alone for 2 h at 37 # C, followed 
by washings and treatment with increasing concentrations of 
factor Vila resulted in factor X activation rates identical to 
that observed if R152E factor VII was included in the first 
incubation step. Preincubation of the cells with 10 nM TFPI, 
10 nM Xa, or 10 nM TFPI 1 " 161 , 10 nM Xa, further reduced the 
rate of factor X activation by an additional 20-30% in each 
case (data not shown). These results suggest that complexes 
of TFPI/Xa bind to the cell surface in close proximity to the 
extracellular domain of tissue factor apoprotein and rapidly 
inactivate factor Vila once it binds to the tissue factor apo- 
protein. Presumably, the Gla-domain of factor Xa plays a 
major role in anchoring this bimolecular complex to acidic 
phospholipids surrounding the tissue factor apoprotein. The 
results of these latter experiments would also suggest that the 
third Kunitz-type domain and/or the COOH terminus of 
TFPI may play a role in the interaction of TFPI/Xa binding 
to the cell surface. 

DISCUSSION 

Previous studies have definitively shown that the first and 
second Kunitz-type domains in human TFPI are involved in 
the neutralization of factor Vila and factor Xa activity, re- 
spectively. The role of the third Kunitz-type domain in TFPI, 
if any, in these reactions has not been addressed. In the 
present study, we have compared the abilities of full-length . 
recombinant TFPI, and a COOH-terminal truncated deriva- 
tive of TFPI lacking the third Kunitz-type domain and 
COOH-terminal tail, to inhibit cell surface factor Vila-tissue 
factor proteolytic activity toward factor X. The results of 
studies presented here demonstrate that both preparations of 
TFPI, in the absence and presence of factor X or factor Xa, 
were kinetically indistinguishable with respect to inhibiting 
the proteolytic and amidolytic activities of factor Vila in 
complex with tissue factor. Furthermore, we provide evidence 
that the active site serine residues in factor Vila and factor 
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Xa are not essential for the interaction of TFPI with these 
proteases. 

Our data also indicate that plasma concentrations of TFPI, 
in the presence of factor X, was a more effective inhibitor of 
cell surface factor Vila-tissue factor than plasma levels of 
antithrombin III in the absence and presence of 1 unit/ml 
heparin. Whether its association with plasma lipoproteins 
reduces the effectiveness of TFPI relative to antithrombin III 
in vivo will require additional studies. In an unexpected find- 
ing, antithrombin III was a very effective inhibitor of factor 
Vila-tissue factor in the copresence of factor X and heparin, 
approaching a level of inhibition seen with TFPI and factor 
X. The mechanism whereby antithrombin III activity is po- 
tentiated on the cell surface by the copresence of heparin and 
factor X is unknown. Active site-mutated factor X (S376A 
factor X) was as effective as plasma-derived factor X in this 
reaction, indicating that the active site serine residue of factor 
Xa was not involved in this mechanism. Furthermore, the use 
of S376A factor X, as well as the pretreatment of the anti- 
thrombin III preparation with anti-TFPI IgG, revealed that 
the antithrombin III potentiation by heparin and factor X 
was not due to trace levels of TFPI contaminating either the 
antithrombin III or plasma-derived factor X preparations 
used in this study. The presence of heparin in this system 
was essential, as deletion of heparin resulted in a factor Vila- 
tissue factor neutralization rate essentially identical to that 
observed for antithrombin III alone. Inasmuch as human 
factor X binds to heparin (34), it is not inconceivable that 
antithrombin III and factor X (or Xa) occupy distinct sites 
on heparin, resulting in a ternary complex of antithrombin 
III-heparin-factor X (Xa) that represents the active antico- 
agulant species. Factor X (or Xa) in this ternary complex 
conceivably anchors this complex to a phosphatidylserine- 
rich site on the J82 cell surface in close proximity to the 
factor Vila-tissue factor complex and facilitates rapid neu- 
tralization of factor Vila. Consistent with this hypothesis, 
preliminary experiments demonstrate that Gla-domainless 
human factor X does not augment the inhibition of factor 
Vila-tissue factor by antithrombin III/heparin. 4 

Both TFPI and TFPI 1161 inhibited the amidolytic activity 
of a factor Vila-tissue factor complex toward S-2288 at essen- 
tially the same rate, confirming our earlier finding (14) using 
a recombinant TFPI preparation that in all likelihood con- 
tained COOH-terminal degraded forms of TFPI (8, 9). In our 
present system, 10 nM TFPI or 10 nM TFPI 1 " 161 inhibited an 
equimolar concentration of factor Vlla-relipidated tissue fac- 
tor apoprotein 50% in -15 min. The rate of inhibition of the 
factor Vila-tissue factor amidolytic activity by TFPI in solu- 
tion phase was, however, markedly faster than the rate of 
inhibition of factor Vila-tissue factor proteolytic activity on 
the cell surface, where 2.5 nM TFPI inhibited factor Vila- 
tissue factor activity -20% in a 60-min incubation period. It 
is perhaps noteworthy to mention that this rate of cell surface 
factor Vila inhibition occurred under conditions where TFPI 
concentrations {Le. 2.5 nM) were in vast excess of cell surface 
factor Vila-tissue factor complexes. The reason(s) for this 
discordant result is unknown, although it is probable that the 
J82 cell surface provides unproductive binding sites for TFPI 
distant from factor Vila-tissue factor, thereby reducing its 
effective concentration. Alternatively, in contrast to the ami- 
dolytic activity assay conditions, it is possible that the wash- 
ing steps following the incubation of TFPI with cell surface 
factor Vila and preceding the assessment of factor X activa- 
tion mechanically dissociated some of the factor Vila-tissue 

4 T. Hamamoto and W, Kisiel, manuscript in preparation. 



factor-TFPI ternary complex and regenerated factor Vila- 
tissue factor reactive Bites. 

Although initial studies demonstrated that TFPI and 
TFPI" 61 appeared to be indistinguishable in their ability to 
inhibit preformed complexes of factor Vila and tissue factor 
on the J82 cell surface, subsequent studies provided evidence 
that TFPI and TFPI 1 " 161 reproducibly differ in their interac- 
tion with the cell surface when in complex with factor Xa. 
When J82 cell monolayers were treated with TFPI/Xa or 
TFPI 1_l6l /Xa, and subsequently washed and treated with fac- 
tor Vila, the extent to which offered factor Vila could gen- 
erate factor Xa on the cell surface was markedly higher in 
cells pretreated with TFPp- m /Xa complexes. This finding 
suggested that the third Kunitz-type domain and/or COOH- 
terminal tail of TFPI may contribute to the energy of TFPI/ 
Xa binding to the cell surface. In this regard, Gemmell et aL 
(35), using a glass capillary tube coated with a phospholipid 
bilayer containing tissue factor apoprotein, reported that tis- 
sue factor apoprotein has an independent binding site for 
factor Xa which facilitated the neutralization of factor Vlla- 
tissue factor by TFPI. Our data indicate that a preformed 
complex of TFPI and factor Xa can bind to the J82 cell 
surface in a reaction that absolutely requires the 7-carboxy- 
glutamic acid domain of factor Xa. This cell-bound TFPI/ 
factor Xa complex is then capable of inhibiting either binding 
of factor Vila to tissue factor and/or the expression of factor 
Vila-tissue factor activity toward factor X. Our data cannot 
rule out the possibility of a TFPI Xa - tissue factor ternary 
complex on the cell surface, with TFPI 1_m /Xa exhibiting a 
reduced affinity for tissue factor relative to TFPI/Xa. How- 
ever, the results of Callander et aL (13), using an ovarian 
carcinoma cell line (OC-2008) similar to the J82 cell line in 
its ability to support tissue factor-mediated reactions, suggest 
that the interaction of TFPI with this cell, in the presence . 
and absence of factor Xa, is considerably more complex than 
that observed in a well denned capillary tube system. Al- 
though the functional consequences of pretreating the OC- 
2008 cell monolayer with TFPI/Xa was not examined in that 
study, Callander et aL (13) demonstrated distinct factor Vila- 
tissue factor-dependent and -independent binding sites for 
TFPI/Xa complexes on this cell surface. In addition, studies 
indicated that TFPI/Xa binding to this cell line in the pres- 
ence of factors Vila and Xa was not appreciably affected by: 
annexin V, a protein that binds tightly to anionic phospho- 
lipids, suggesting that anionic phospholipid was not involved 
in TFPI/Xa binding to both the tissue factor-dependent and 
-independent binding sites on OC-2008 cells (13). Accord- 
ingly, in the absence of definitive TFPI and TFPI 1 " 161 binding 
studies to the J82 cell monolayers in the presence and absence 
of factor Xa and factor Vila, it is difficult to provide a 
plausible mechanism to explain why TFPI/Xa complexes 
more effectively prevented the activation of factor X on J82 
cell surfaces in comparison with TFPF" 161 /Xa complexes. 
Other factors such as increased affinity for the tissue factor- 
independent sites by TFPP* 16l /Xa or a more pronounced 
dissociation of TFPI liei /Xa from the cell surface by the 
washing steps could also account for its inhibitory effective- 
ness relative to TFPI/Xa. 

It is unclear why TFPI 1 " 161 exhibits a 50-fold lower antico- 
agulant activity than TFPI in a dilute thromboplastin pro- 
thrombin time assay, 8 while inhibiting cell surface factor Vila- : 
tissue factor as effectively as full-length TFPI. As the clotting 
time in thiB assay is predicated on the effective concentrations 
of factor Vila, factor Xa, and thrombin, we examined the 
effects of TFPI 1 " 161 and TFPI on the amidolytic activities of 
each of these proteases at equimolar enzyme:inhibitor concen- 
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trations. As shown in Fig. 3, both TFPI preparations inhibited 
the amidolytic activity of factor Vila in complex with soluble 
tissue factor at essentially the same rate. In agreement with 
the findings of Broze et aL (10), neither TFPI nor TFPI 1 " 161 
inhibited thrombin amidolytic activity in 2 h of incubation at 
room temperature. Incubation of either TFPI or TFPI 1-161 
with factor Xa resulted in 50% inhibition of factor Xa ami- 
dolytic activity within 1 min by each inhibitor preparation, 
with complete inhibition occurring in each case in ~2 min of 
incubation (data not shown)* Our data thus indicate that the 
reactivity of TFPI and TFPI 1 - 161 toward factor Vila and factor 
Xa are not measurably different and suggest that other factors 
are at play in determining the potency of full-length TFPI in 
the clotting assay. Whether TFPI interferes with the inter- 
action of factor Vila with tissue factor, as suggested by the 
data in Fig. 6, is unknown and merits further investigation. 

Relatively high concentrations of factor Vila were not very 
effective in displacing a quaternary complex of factor Vila- 
tissue factor-TFPI-factor Xa from the cell surface, with re- 
generation of only 2% of potential factor Vila-tissue factor 
sites. This observation not only underscores the high affinity 
of the quaternary complex from the cell surface but also raises 
questions regarding the mechanism of action of plasma-de- 
rived and recombinant factor Vila in restoring hemostasis in 
hemophilia A patients with circulating antibodies (36-38). 
Although the J82 cells have provided insight and useful infor- 
mation concerning the mechanisms of physiological clotting, 
it is difficult at best to directly compare our static J82 cell 
monolayer system to a dynamic vascular trauma site, partic- 
ularly when a patient presents for treatment 1-2 h after 
bleeding commences. Despite this caveat, our displacement 
studies suggest the possibility that either infused factor Vila 
activates factor X in these patients by a tissue factor-inde- 
pendent mechanism or that circulating TFPI-lipoprotein 
complexes are not as effective in inhibiting cell surface factor 
Vila-tissue factor as free uncomplexed TFPI. On the other 
hand, a small regeneration of factor Vila-tissue factor sites 
(1-2%) by infused factor Vila may be sufficient to eventually 
arrest bleeding and form a stable hemostatic plug in these 
patients. 
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Tissue factor pathway inhibitor is a multivalent, 
Kunitz-type proteinase inhibitor. It directly inhibits fac- 
tor Xa and, in a factor Xa-dependent fashion, produces 
feedback inhibition of the factor Vila/tissue factor cata- 
lytic complex which is responsible for the i nitia tion of 
coagulation. Human recombinant TFPI (rTFPI) pro- 
duced in Escherichia coli was used to define the kinetic 
constants describing the human factor XarTFPI interac- 
tion. The inactivation of facto r Xa by B. co/i-rTFPI is 
indistinguishable from that of rTFPI produced in mam- 
malian SK-hepatoma cells, suggesting that posttransla- 
tional modifications such as glycosylation and phos- 
phorylation do not play a major role in the inhibitory 
process. The slow, tight-binding inhibition of factor Xa 
follows the scheme: 

Slow 
*i *» 

E + i ei *± m* 

*, K 
Kinetic Mechanism 

Where the enzyme (E) and inhibitor (I) form an initial, 
immediate collision complex (£1) that then isomerizes 
slowly to a tightened final ET* complex. In the absence of 
other additions, the initial K t and final for 

the inhibition of factor Xa by E. co/i-rTFPI are 1.24 nu 
and 26.4 pM, respectively. In the presence of calcium ions 
(5 mM) the interaction between factor Xa and rTFPI is 
substantially weaker, with a£jOf 42.7 hm and K t * of 85.2 
pM. The addition of other components of the prothrom- 
binase complex produces enhanced factor Xa inhibition 
predominantly through an effect on the initial K t . In the 
presence of calcium ions and saturating concentrations 
of phospholipids and factor Va» the Kg and for factor 
Xa inactivation are 2.04 wa and 52.3 pM. The enhancing 
effect of heparin on the inhibitory process is concentra- 
tion dependent and exhibits an optimum, reminiscent of 
the "template" model for heparin's acceleration of 
thrombin and factor IXa inhibition by antithrombin m. 
At optimal concentrations, the major mechanism of hep- 
arin action is also a reduction in the Kt o f the initial 
encounter complex between factor Xa and rTFPI. 



Coagulation is initiated when plasma factor VII or activated 
factor VII (Vila) binds to tissue factor, an integral membrane 
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protein expressed constitutively by cells beneath the endothe- 
lium of vessels. The factor Vila-tissue factor complex proteo- 
lytically activates factors DC and X resulting ultimately in the 
formation of a fibrin clot (1-3). Tissue factor pathway inhibitor 
(TFPI) 1 produces factor Xa-dependent feedback inhibition of 
the factor Vila-tissue factor catalytic complex through the for- 
mation of a final, quaternary inhibitory complex consisting of 
factor Xa-TFPI-factor Vila/tissue factor (4, 5). TFPI is a mul- 
tivalent protease inhibitor containing three Kunitz-type inhibi- 
tory domains (6). Its second Kunitz-type domain is required for 
binding and inhibiting factor Xa and its first Kunitz-type do- 
main appears to bind and inhibit factor Vila in the factor Vila- 
tissue factor complex (4, 7). The role of the third Kunitz-type 
domain in TFPI is not known. 

TFPI is a potent inhibitor of factor Xa (4) and the prolonga- 
tion of one-stage plasma coagulation assays initiated by tissue 
factor (prothrombin time), factor Xa, or the factor X coagulant 
protein of Russells' Viper Venom (Stypven time) produced by 
the exogenous addition of full-length TFPI may be predomi- 
nantly related to its inhibition of factor Xa (8). More than 
simply the second Kunitz-type domain within the TFPI mol- 
ecule, however, is required for optimal inhibition of factor Xa by 
TFPI. Factor Xa inhibition is abrogated following the limited 
proteolytic cleavage of TFPI produced by human leukocyte 
elastase that separates the amino terminus and first Kunitz- 
type domain from the second Kunitz-type domain and the re- 
mainder of the molecule (9). Similarly, carboxyl-terminal trun- 
cation of the TFPI molecule markedly reduces its factor Xa 
inhibitory activity (8). Such carboxyl-terminal truncation has 
been demonstrated in recombinant TFPI produced by cells in 
tissue culture (8, 10). 

Our laboratory has previously reported preliminary st udie s 
concerning the kinetics of factor Xa inhibition by the TFPI 
isolated from the conditioned media of the human hepatoma 
cell line HepG2 (5). At the time, the potential for carboxyl- 
terminal truncation of the TFPI molecule was not appreciated, 
and subsequent studies have shown that the HepG2-TFPI used 
in these experiments was proteolytically truncated, lacking the 
positively charged carboxyl terminus of full-length TFPI (resi- 
dues ~254-276). Here, we report the kinetics of factor Xa in- 
hibition by full-length rTFPI in the presence and absence of 
components of the prothrombinase complex and heparin. 

EXPERIMENTAL PROCEDURES 
Afa^eria/^^-Nitrophenyl-p-guanidinobenzoate hydrochloride and 
rabbit brain cephalin (phospholipids) were obtained from Sigma. The 
chromogenic substrate S2765 (N-a-Cbo-D-Arg-Gly-Arg-pNA) for factor 
Xa was purchased from Chromogenic AB (Molndal, Sweden) and Chro- 
mozyme TH (tosyl-Gly-Pro-Arg-A-NA) for thrombin from Boehringer 
Mannheim. Both substrates were dissolved in water and stored at 4 °C 
in the dark before dilution into 150 mM NaCl, 50 mM THs-HCl, pH 7.5, 



1 The abbreviations used are: TFPI, tissue factor pathway inhibitor; 
rTFPI, recombinant TFPI; PAGE, polyacrylamide gel electrophoresis. 
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with 0.1% bovine serum albumin (TBSA) directly prior to use. Heparin 
sodium was from Lyphomed, Division of Fujisawa USA, Inc. 

Proteins— Recombinant TFPI (rTFPI) produced in E. coli 2 and the 
human hepatoma cell line SK-Hep were isolated as described (11), The 
mass of E. co/i-rTFPI was determined by amino acid analysis and the 
mass of SK-rTFPI was determined by assuming 1: 1 stoichiometry of the 
SK- rTFPI rfactor Xa interaction (8). Human factor X was isolated and 
activated as previously described (4), and the factor Xa quantitated by 
active- site titration withp-niti^henyl-p-guanidinobenzoate hydrochlo- 
ride ( 12). Human factor Va was purchased from Haematologic Technolo- 
gies (Essex Junction, VT). Prothrombin was isolated as previously de- 
scribed (4). 

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS- 
PAGE) and Western blotting. SDS-PAGE was performed using a 15% 
separating gel and 4% stacking gel (8). Western blotting was performed 
as previously described using specific antipeptxde antibodies directed 
against the NH 2 terminus (residues 1-12) and COOH terminus (resi- 
dues 265-276) of the TFPI molecule (8). 

Kinetic Methods — In independent experiments (not shown), saturat- 
ing conc entra tions of phospholipids and factor Va for factor Xa inhibi- 
tion by rTFPI were determined to be a 1:10 dilution of the stock rabbit 
brain cephalin (prepared as suggested by the manufacturer) and 18.7 
nid, respectively. Calcium chloride was used at 5 nw final concentration 
and reactions were performed at room temperature (21 °CX 

The Michaelis-Menten constants {K m ) for the hydrolysis of S2765 by 
factor Xa were determined using standard methods: absence of other 
additions, 52.7 ± 1.6 um; with calcium ions, 51.5 ± 1.6 um; with calcium 
and phospholipids, 42.6 ± 2.3 um; with calcium, phospholipids, and 
factor Va* 82.9 ± 0.4 um; with calcium and 10 units/ml heparin, 33.7 ± 
2.3 um; with calcium, phospholipids, and 1 unit/ml heparin, 36.9 ± 0.5 
um; and with calcium, phospholipids, factor Va, and 1 unit/ml heparin, 
68.1 ± 1.2 um. 

Kinetic constants which describe the inhibition of factor Xa by TFPI 
were determined as previously described (12-18). Reactions (1.0 ml 
final volume) were initiated by the addition of factor Xa (0.2 iim) to 
mixtures of rTFPI (2-40 mi ), additional components, and the chrome- 
genie substrate S2765 (typically 250 or 500 um) in TBSA. Progress 
curves reflecting the increase in absorbance at 405 nm over time were 
monitored until a steady-state velocity was achieved (—30 min). Data 
for each progress curve (10 points/minute) were collected on a Response 
spectrophotometer (Gilford, Corning Laboratory Sciences Co., Oberlin, 
OH) and kinetic parameters (see below) were derived using a nonlinear 
regression curve fit program (Sigma Plot, Jandel Scientific, Corte Mod- 
era, CA). The coefficient of variation for each of the fitted parameters in 
the experiments presented was consistently <5%. 

The effect of rTFPI on the cleavage of prothrombin by the prothronv 
binase complex was examined using prothrombin ( 1.4 um), meter Xa (0.2 
nw), CaCla (5 mil), saturating concentrations of factor Va an d phospho- 
lipids (as above), and various concentrations of E. co#-rTFPI (0, 2, and 
20 um). Reactions were initiated by the addition of factor Xa to mixtures 
containing the other components and frequent 20-uI samples were re- 
moved, diluted with 900 ul of TBSA containing 5 mil EDTA, and as- 
sayed for thrombin using the chromogenic substrate Chromozyme TH 
(final concentration 100 um). The factor Xa carried over to the thrombin 
assays produced negligible cleavage of Chromozyme TH. 

RESULTS 

Proteolytic, carboxyl-terminal truncation of TFPI occurs dur- 
ing its production in tissue culture cells (8, 10). Although the 
enzyme<8) responsible for this proteolysis has not been identi- 
fied, the cleavage occurs within a stretch of basic amino acid 
residues (TFPI residues 254-261) and produces a truncated 
form of TFPI that lacks the cartoxyl-terminal 15-20 amino 
acids of full-length TFPI and that possesses considerably less 
factor Xa inhibitory activity (8). Our laboratory has previously 
reported a preliminary analysis of the kinetics of factor Xa 
inhibition by TFPI produced in the human hepatoma cell line 
HepG2 (5). S ubsequent studies, however, revealed that the 
HepG2-TFPI used for those studies was truncated at the car- 
boxyl terminus. Thus, sufficient full-length rTFPI was pro* 
duced in a prokaryotic expression system to repeat the kinetic 
analysis of factor Xa inhibition. In initial experiments, the ki- 
netic results with E. cofc-rTFPI were compared to those of 



9 T.-C. Wun, manuscript in preparation. 



rTFPI produced by SK-hepatoma cells, which is available in 
only limited quantities. Based on SDS-PAGE (Fig. 1) and West- 
ern blotting using antibodies that recognize the NH 2 terminus 
and COOH terminus of TFPI (not shown) the E. coli- and SK- 
rTFPI used for these studies were estimated to be greater than 
90% homogeneous and to consist of greater than 90% full- 
length TFPI molecules. E. co/i -rTFPI has an apparent molecu- 
lar weight of 32,000, whereas the molecular weight of SK- 
rTFPI is 42,000, presumably reflecting the absence of 
carbohydrate in E. co/i-rTFPI. Similar to the TFPI produced 
from other sources (4, 8), E. coli-YTEVl bound active site-ti- 
trated factor Xa with 1:1 stoichiometry (data not shown). 

Mechanism of Enzyme Inhibition — The addition of factor Xa 
to substrate (S2765) in the presence of rTFPI results in slow 
inhibition of enzymatic activity with a gradual progression to- 
ward a steady-state reaction velocity. At given concentrations of 
reactants, the final steady-state velocity was the same whether 
the enzyme was added last or the enzyme and rTFPI were 
preincubated and the substrate added last (Fig. 2). This type of 
slow, reversible inhibition can be explained by one of the fol- 
lowing reaction schemes: 

Slow 
*i 

E El Mechanism I 

** 
Slow 
*» *• 

Ev±El v± El* Mechanism II 

Slow 
*, *» 

E 7* E*&E m l MxcBAmmttX 
*, *♦ 

In Mechanism I, the inhibitor reacts slowly with the enzyme, 
while Mechanism II describes a mechanism in which the en- 
zyme and inhibitor react immediately to form an initial colli- 
sioa complex followed by a slow isomerization to a tightened 
ET complex. Mechanism III involves a slow isomerization of 
the enzyme itself, which then interacts with the inhibitor. The 
differentiation of these three mechanisms is complicated by the 
fact that the enzyme-inhibitor complex approaches steady- 
state at a much slower rate than the enzyme-substrate inter* 
action. Therefore, steady-state rate equations designed for the 
determination of kinetic constants for conventional competitive 
inhibitors are inadequate and specific mathematical formula- 
tions are used for appropriate analysis (13-18). 
Data from experiments performed under presumed pseudo- 

12 3 4 




Fio. 1. SDS-PAGE ofrTFPL Lane 1, unr educed & co/i-rTFPI (2 ngX 
lane 2, 2-mercaptoethanol reduced S* coli-rTFPl (2 ugh lane 3, unre- 
duced SK-rTFPI (10 ug); lane 4, 2-tnercaptoethanol reduced SK-rTFPI 
(10 ug). Proteins were stained with Coomasaie Brilliant Blue. 
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Pig. 2. Slow tight-binding, reversible inhibition of factor Xa by 

rTFPI. Three sets of reactions were constructed: 1) factor Xa was added 
to S2765 alone; 2) factor Xa was added to a mixture of rTFPI and S2765; 
and 3) factor Xa and rTFPI were incubated for 1 h, then S2765 was 
added to the mixture. Concentrations of factor Xa, rTFPI, and S2765 
were 0.2 nM, 2 nM, and 0.25 um, respectively. Reactions were monitored 
at 40 5 nm for a 100 min at room temperature. Main figure, E. coli- 
rTFPI; inset, SK-rTFPI. 

first order conditions and initiated by the addition of enzyme to 
substrate and inhibitor were fitted by nonlinear regression 
analysis to the integrated rate equation for slow binding inhi- 
bition (18): 

A = v,t + (v 0 - u,){l - exp( - )}/*<*. + A, (Eq. 1) 

where A is absorbance at 405 nm at time t; v 8t final steady-state 
velocity; v oy initial velocity; & oba , apparent rate constant for the 
transition from v 0 to u s ; A*,, initial absorbance at 405 nm. Fit* 
ting yields values for v oy v at k ohBi and Ao for each progress curve. 
These values are then transformed in various ways to generate 
the rate and inhibitory constants for the reaction. 

The value of the apparent rate constant (fe obB ) for each of the 
potential mechanisms for slow, reversible inhibition listed 
above is related to the individual kinetic constants as follows 
(17): 

fcob. = * 2 + *i [IVd + [Sl/JC m ) Mechanism I 

fcot» = k 4 + * 3 [IV(tH + Ki (1 + [SVK m )\ Mechanism D 

= Ml + [Sl/JCJ + (k+KKMll + KJ Mechanism HI 

where [SI is the concentration of chromogenic substrate andiC TO 
is the Michaelis-Menten constant describing the interaction of 
the enzyme with the substrate. 

Experiments showed that the apparent rate constant (k obo ) 
for the factor Xa:rTFPI interaction is a hyperbolic function of 
[rTFPI] (Fig. 3), and that v Q is inversely related to [rTFPI] (not 
shown). Thus, the kinetic mechanism described by Mechanism 
I can be excluded as it predicts a linear relationship between 
*oba and [rTFPI] and that v Q is independent of [rTFPI] (18, 19). 
Mechanism III can also be discounted because k ohtt increases 
with increasing [rTFPIL which would not be the case with this 
mechanism (18-20). We conclude therefore that inhibition of 
factor Xa by rTFPI is best described by Mechanism II, which is 
typical of Kunitz-type proteinase inhibitors (21). 

Determination of Kinetic Constants — lb determine the ki- 
netic constants for the inhibition of factor Xa by E. coli- and 
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I rTFPI 1 (nM) 

Fig. 3. Dependence of on rTFPI concentration. Values for 
k obt (S2765 = 500 um) were generated from data fitted to Equation 1 and 
the plotted points were fitted to Mechanism II (see text). Open circles, E. 
co/i-rTFPI; closed circles, SK-rTFPI. 
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Fig. 4. Progress curv es for factor Xa inhibition by various con- 
centrations of E. coli-rTFPI. Facto r Xa (0.2 nM) was added to reac- 
tions containing S2765 (500 um) and rTFPI. Curves from top t o bottom 
are from reactions with 2, 4, 8, 16. and 20 nM £. co/i-rTFPI. Closed 
circles represent the experimental data (only every 30-s values are 
plotted); lines represent curves derived from fitting the experimental 
data to Equation 1 (see text). 

SK-rTFPI, a series of progress curves were developed using 0.2 
nM factor Xa, 500 um S2765, and varying concentrations of 
rTFPI (3-20 nM) (Fig. 4). The correlation between the experi- 
mental data and the fitted curves is excellent. 

In Mechanism II, the enzyme and inhibitor form an imme- 
diate encounter complex with the inhibitory constant K t (=kj 
ki), which "slowly" isomerizes in what may be a multistep proc- 
ess (21) to a "tightened" KI* complex with a final /T/ = (JQ 
(k 4 y(k z + k A ) (19). The rate constant k 4 , describing the return 
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from the tightened complex EV to El, was calculated to be 

0. 0161 * 0.0017 and 0.0181 ± 0.0037 for E. coli-rTFPl and 
SK-rTFPI, respectively, using the relationship (22): 

= (Eq.2) 

A subsequent plot of l/(k oha - k 4 ) versus 1/[TFPI] (Fig. 5) 
yields values for k 3 (y intercept = 1/A 3 ) and K t (x intercept = - 
(1 + [SVK m VKi). The derived kinetic constants for the inhibition 
of factor Xa by E. coli-rTFPl and SK-rTFPI are listed in Table 

1. Plots of VjnaJVo and V ma Jv B versus [I] provide an alternative 
means for the calculation of K ( and K* % respectively (16, 18). 
The kinetic constants calculated with this method are in close 
agreement with those shown in Table I; Ki and K* of 1.12 nM 
and 29.95 pM for E. coli-rTFPl and 0.82 nM and 24.45 pM for 
SK-rTFPI. These forms of rTFPI appear to possess nearly 
equivalent inhibitory activity and are potent inhibitors of factor 
Xa in the absence of other cofactors. 

Effects of Components of the Prothrombinase Complex on 
Factor Xa Inhibition by TFPI— Factor Xa is the enzymatic com- 
ponent of the prothrombinase complex that also contains cal- 
cium ions, phospholipids, and activated factor V (factor Va). 
Thus, the effect of the various components of the prothrombi- 
nase complex on factor Xa inhibition by TFPI is of interest. The 
kinetic constants derived for the inhibition of factor Xa by rT- 
FPI in the presence of calcium ions (5 mil), calcium ions and 
phospholipids (1:10 dilution of stock rabbit brain cephalin), and 
calcium ions, phospholipids, and factor Va (18.7 nM) are shown 
in Table II. The presence of calcium ions reduces the affinity of 
the initial encounter complex {K t ) over 30-fold and that of the 
final tightened complex 3-fold. Preliminary data (23) suggest 
that this effect of calcium ions may be due to the interruption 
of a direct interaction between the positively charged carboxyl 
terminus of TFPI and the negatively charged y-car boxy glu- 
tamic acid domain of factor Xa (see Discussion"). 

With the sequential addition of the other components of the 
prothrombinase complex along with the calcium ions, there is a 
progressive decrease in the K t which is 43 nM with calcium ions 
alone, 15 nM with calcium ions and phospholipids, and 2 nM 
with calcium ions, phospholipids, and factor Va (Table II). 
Thus, the predominant effect of these cofactors is to increase 
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Fig. 5. Plots of Vik^-kJ versus 1/IrTFPI] to obtain values for 

Ki and k s . Data from the progress curves (S2765 * 500 um) used to 
generate in Fig. 4 were also used to derive values for k A (Equation 
2, see text). The y intercept in the graph repres ents l/fe 3 and the x 
intercept is -(1 + [SMK^J/Ki. Open circles, E. coli-rTFPl; closed circles, 
SK-rTFPI. 



Table I 

Kinetic constants for rTFPI inhibition of Factor Xa 





K 




* 3 


*« 




nu 


pu 


min' 1 




E. coli-rTFPl 


1.24 


26.4 


0.741 


0.0161 


SK-rTFPI 


0.93 


19.8 


0.833 


0.0181 



Table II 

Kinetic constants for E. coli-rTFPl inhibition of factor Xa with 
calcium ions (Ca*+), phospholipids (PI), factor Vb (Va), 
and heparin (Hep) 





Hep 


K ( 


K^ 


*3 


*4 




units} ml 


nu 


pu 


min 


-I 


Ca 2 * 


0 


42.7 


85.2 


2.50 


0.0050 


Ca 2 VPl 


0 


14.6 


65.2 


1.18 


0.0053 


Ca a VPl/Va 


0 


2.04 


52.3 


0.324 


0.0086 


Ca 2 * 


10 


3.13 


30.9 


3.077 


0.0307 


Ca 2 VPl 


1 


1.28 


17.9 


1.39 


0.0197 


Ca a VPWa 


1 


0.79 


21.8 


0.488 


0.0138 



the affinity of the initial, collision complex between factor Xa 
and TFPI. 

The ability of TFPI to inhibit the prothrombinase complex in 
the presence of prothrombin was also tested. Factor Xa (0.2 nM 
final concentration) was added to reactions containing pro- 
thrombin (1.4 um = plasma concentration), factor Va (18.7 nM), 
phospholipids (1:10 stock rabbit brain cephalin), CaCl 2 (5 nui), 
without or with E. coli-rTFPl (2 nM or 20 nM). The initial rate 
of thrombin generation was reduced 36% by 2 nM rTFPI and 
85% by 20 nM rTFPI (data not shown). These results are in good 
agreement with those predicted by assuming an initial Ki of E. 
coli-rTFPl for the prothrombinase complex of 2 nM (Table II) 
and a K m of prothrombin for the prothrombinase complex of 1 
um (24). 

The Effect of Heparin — In the presence of calcium ions, hep- - 
arin appears to enhance the inhibition of factor Xa by TFPI 
(23). The response to heparin is concentration-dependent and 
exhibits an optimum, reminiscent of the putative "template" 
effect of heparin on the interaction between thrombin and an- 
tithrombin III (25). Attempts to determine the kinetic effects of 
heparin on the factor Xa:TFPI interaction, however, were not 
straightforward. Preliminary studies showed that the concen- 
tration of heparin required for the optimal enhancement of 
factor Xa inhibition by TFPI in the presence of calcium ions is 
dependent on the concentration of the substrate S2765; at 250 
um S2675, the optimum heparin concentration is 10 units/ml, 
whereas with 50 um S2765 it is 0.1-1 unit/ml (Fig. 6, and data 
not shown). A similar although less pronounced effect was 
found when the alternative substrate Spectrozyme Xa (MeO- 
CO-D-CHG-Gly-Arg-pNA, American Diagnostics, Greenwich, 
CT) was substituted for S2765 (not shown). The phenomenom 
appears most likely related to the binding of heparin by the 
substrates and is more marked with S2765 W-a-Cbo-D-Arg- 
Gly-Arg-pNA) which contains 2 basic amino acids. The opti- 
mum concentration of heparin (at 250 um S2765) was also de- 
pendent on the cofactors present within the reactions. With 
calcium ions alone, calcium ions/phospholipids, and calcium 
ions/phospholipids/factor Va, the enhancement of factor Xa in- 
hibition by TFPI was greatest with 10, 1-10, and 1 unit/ml 
heparin, respectively (Fig. 6). 

The derived kinetic constants for TFPI inhibition of factor Xa 
in the presence of various components of the prothrombinase 
complex and optimal concentrations of heparin are shown in 
Table II. It appears that the predominant effect of heparin is to 
increase the affinity of the initial complex between factor Xa 
and TFPI {Ki). Notably, the presence of heparin also increased 
the dissociation rate constant (k 4 ) of the final tightened El* 
complex. 
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Fi g, 6. Optimal heparin concentration for factor Xa inhibition 
by rTFPI depends on the concentration of 82766 and the pres- 
ence ofcofactors. All reactions contained 0.2 nu factor Xa, 4.0 nu E. 
coJt-rTFPI, and 5 nra CaCl 2 . Additional reaction components: panel A, 
S2765 (250 um); panel B, S2765 (250 um) and 1:10 stock rabbit brain 
cephalin; panel C, S2765 (250 um), 1:10 stock rabbit brain cephalin and 
factor Va (18.7 um); panel D f S2765 (50 um). In each panel, curves J, 2, 
3, 4, and 5 stand for 0.1, 1, 10, 100, and 1000 units/ml heparin, respec- 
tively. 

DISCUSSION 

In addition to inhibiting the factor Vila-tissue factor cata- 
lytic complex in the presence of factor Xa, TFPI is a potent 
inhibitor of factor Xa itself (4). Here, we have determined the 
kinetic mechanism and constants for factor Xa inhibition by 
TFPI in the absence and presence of the other components of 
the prothrombinase complex. These in vitro studies were per- 
formed at room temperature (21 °C), and the kinetics of factor 
Xa inhibition by TFPI may be enhanced in vivo (37 °C). 

Recombinant TFPI produced in E, coli has been used for 
these experiments, as it is available in substantial quantities. 
Moreover, the activity of the E, coli derived material appears 
comparable to that of rTFPI produced in SK hepatoma mam- 
malian cells suggesting that post-translational modifications of 
the TFPI molecule, such as glycosylation and phosphorylation, 
do not play a major role in its interaction with factor Xa (26, 
27). 

The addition of calcium ions markedly slows the inhibition of 
factor Xa by TFPI. This effect is mediated predominantly 
through a reduction in the affinity of the initial collision com- 
plex between factor Xa and TFPI (Jf,). These results are con- 
sistent with separate studies using altered forms of rTFPI 
which suggest that, in the absence of other additions, the posi- 
tively charged carboxyl terminus of TFPI interacts with the 
negatively charged v-carboxyglutamate (Gla) domain of factor 
Xa or a conformation of factor Xa that requires the absence of 
calcium ions (23). The binding of Ca 2+ by the Gla domain of 
factor Xa would prevent its ionic interaction with the basic 
carboxyl-terminal region of TFPI. Whatever the mechanism for 
the inhibitory effect of calcium ions on the inactivation of factor 
Xa by TFPI, it is important to note that calcium ions will be 
present in areas where factor Xa and TFPI are likely to interact 
in vivo. 

The addition of the phospholipids, and phospholipids and 
factor Va to reactions containing calcium ions produces a pro- 



gressive enhancement in the rate of factor Xa inhibition by 
TFPI. The major kinetic mechanism responsible for this effect 
is a reduction in the K t of the initial factor Xa-TFPI complex. 
Although previous qualitative data suggests that the environ- 
ment about the active site of factor Xa is influenced when factor 
Xa is bound to components of the prothrombinase complex (28- 
30), these changes are associated with only a minimal effect on 
the catalytic activity of the active site against small molecular 
weight substrates (31). Thus, the mechanism(s) for the in- 
creased affinity of the initial factor Xa-TFPI complex noted 
with the addition of phospholipids or phospholipids and factor 
Va to calcium ions likely involves changes within the factor Xa 
molecule distant from its active site, conformational effects 
upon TFPI, and/or the simultaneous interaction of TFPI with 
factor Xa and the other prothrombinase components. These 
results are consistent with the notion that the interaction be- 
tween factor Xa and TFPI involves considerably more than 
simply the binding of the active site of factor Xa by the second 
Kunitz-domain of TFPI (8, 9, 23, 32). The demonstrated high 
affinity of TFPI for factor Xa in the presence of the other pro- 
thrombinase components (Ki = 2 mi) is also consistent with the 
supposition that much of the apparent anticoagulant activity 
measured in one-stage coagulation assays following the addi- 
tion of exogenous full-length TFPI to plasma may be related to 
the inhibition of factor Xa action (8, 23). 

The effect of heparin on the inactivation of factor Xa by TFPI 
in the presence of calcium ions is concentration-dependent and 
high concentrations of heparin inhibit the process (Ref. 23 and 
this report). The pattern of this response is reminiscent of the 
template mechanism thought to be involved in heparin's accel- 
eration of thrombin and factor IXa inhibition by anti thrombin 
III (25). In a similar fashion, heparin may enhance the affinity 
of the interaction between factor Xa and TFPI by simulta- 
neously binding both members of the complex. Interestingly, 
the bridging of antithrombin III and factor Xa by heparin does 
not appear to play a major role in the heparin-mediated accel- 
eration of factor Xa inhibition by antithrombin III (33-38). 
Instead, a conformational change in antithrombin III induced 
by its binding to a specific pentasaccharide in heparin appears 
most important for factor Xa inhibition (39-41): A low molecu- 
lar weight heparin of insufficient length to accelerate anti- 
thrombin III inactivation of thrombin does enhance factor Xa 
inhibition by TFPI, although to a lesser degree than standard 
heparin. 3 Thus the overall effect of heparin on the factor Xa: 
TFPI interaction may involve a conformational change in TFPI 
(and/or factor Xa) associated with heparin binding, as well as 
the provision of a template for the simultaneous binding of both 
factor Xa and TFPI. Studies designed to further delineate the 
effects of heparin on factor Xa inhibition by TFPI are in prog- 
ress. 

Normal plasma concentrations of TFPI are low (2 ma) and 
recent studies have shown that only a fraction of the circulating 
TFPI represents the full-length molecule. 4 The remainder of 
the TFPI in plasma is made up of carboxyl-terminal truncated 
forms that possess much less anti-factor Xa activity (8, 23). 
Thus, under physiologic conditions, the modulation of pro- 
thrombinase activity by TFPI is likely to be modest and of 
limited extent. The combination of increased concentrations of 
circulating full-length TFPI (42, 43) and increased inhibitory 
potency of TFPI that follows heparin infusion, however, suggest 
that TFPI may be responsible for a substantial portion of the 
plasma anti-factor Xa activity that accompanies heparin 
therapy (44). Moreover, when full-length TFPI is used as a 
therapeutic agent, its concentration in plasma may reach over 



3 G. J. Broze, unpublished observations. 

4 G. J. Broze, G. Lange, and L. MacPhail, manuscript in preparation. 
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20-fold that in normal plasma. Under these conditions, TFPI- 
mediated inhibition of prothrombinase could be substantial 
and may contribute to the antithrombotic effects of TFPI infu- 
sion (45, 46). 
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ABSTRACT Previous studies have shown that tissue- 
factor-pathway inhibitor (TFPI) is an important regulator of 
the extrinsic pathway of blood coagulation through its ability to 
inhibit factor Xa and factor Vila-tissue factor activity. We 
describe the molecular cloning and expression of a full-length 
cDNA that encodes a molecule, designated TFPI-2, that has a 
similar overall domain organization and considerable primary 
amino acid sequence homology to TFPI. After a 22-residue 
signal peptide, the mature protein contains 213 amino acids 
with 18 cysteines and two canonical N-Iinked glycosylation 
sites. The deduced sequence of mature TFPI-2 revealed a short 
acidic amino- terminal region, three tandem Kunitz-type do- 
mains, and a carboxyl-terminal tail highly enriched in basic 
amino acids. Northern analysis indicates that TFPI-2 is tran- 
scribed in umbilical vein endothelial cells, liver, and placenta. 
TFPI-2 was expressed in baby hamster kidney cells and puri- 
fied from the serum-free conditioned medium by a combination 
of heparin-agarose chromatography, Mono Q FPLC, Mono S 
FPLC, and Superose 12 FPLC. Purified TFPI-2 migrated as a 
single band in SDS/PAGE and exhibited a molecular mass of 
32 kDa in the presence and absence of reducing agent. The 
amino- terminal sequence of recombinant TFPI-2 was identical 
to that predicted from the cDNA. Despite its structural simi- 
larity to TFPI, the purified recombinant TFPI-2 failed to react 
with polyclonal anti-TFPI IgG. Preliminary studies indicated 
that purified recombinant TFPI-2 strongly inhibited the ami- 
doiytic activities of trypsin and the factor Vila-tissue factor 
complex. In addition, the inhibition of factor VIIa-4issue factor 
amidolytic activity by recombinant TFPI-2 was markedly 
enhanced in the presence of heparin. TFPI-2 at high concen- 
trations weakly inhibited the amidolytic activity of human 
factor Xa, but had no measurable effect on the amidolytic 
activity of human thrombin. 



Tissue-factor-pathway inhibitor (TFPI) plays a key role in the 
regulation of tissue factor-initiated blood coagulation (1, 2). 
Human TFPI is a trace 42-kDa plasma glycoprotein that is 
synthesized primarily by endothelial cells (3) and consists of 
a negatively charged amino-terminal region, three tandem 
Kunitz-type inhibitor domains, and a highly basic carboxyl- 
terminal tail (4). Site-directed mutagenesis studies revealed 
that the second Kunitz-type domain of TFPI forms a complex 
with factor Xa and inhibits its amidolytic and proteolytic 
activity (5). The factor Xa-TFPI complex rapidly inhibits 
activity of the factor Vila-tissue factor complex through the 
interaction of the first Kunitz-type domain in TFPI and the 
active site of factor Vila (5). Although TFPI has been shown 
to inhibit factor Vila-tissue factor amidolytic (6, 7) and 
proteolytic (7, 8) activity independent of factor Xa, it is 
unclear whether TFPI exerts any meaningful inhibitory ac- 
tivity against factor Vila-tissue factor in vivo in the absence 
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of factor Xa. While the roles of the first and second Kunitz- 
type domains in the mechanism of action of TFPI are clear 
from several studies, mutagenesis of the Pi position of the 
third Kunitz-type domain in TFPI failed to produce detect- 
able changes in the inhibitory properties of the protein (5). 
The presence and/or integrity of the highly basic carboxyl- 
terminal region is essential for full anticoagulant activity in 
dilute thromboplastin prothrombin time assays (9) and opti- 
mal inhibition of factor Xa (10). 

In light of the apparent physiological significance of TFPI 
(11), as well as the documented homology between its three 
Kunitz-type domains and the superfamily of Kunitz inhibi- 
tors (4), we initiated a program to isolate additional members 
of this inhibitor family from a variety of human tissues. Using 
an oligonucleotide probe designed around the most highly 
conserved amino acid sequence in this superfamily, we 
previously observed that, under low-stringency hybridiza- 
tion conditions, additional hybridizing bands were observed 
on a Northern blot of mRNA from several tissues including 
liver, pancreas, and placenta. The first report of these studies 
described the isolation and characterization of a homolog of 
the human amyloid precursor protein (12), which was iden- 
tified from this approach by virtue of its internal Kunitz-type 
inhibitor domain. We now report the isolation and charac- 
terization of the cDNA for another Kunitz-type inhibitor with 
striking overall domain organization similarity and consider- 
able primary sequence homology to TFPI.& In view of its 
similarity to TFPI, we call this protein TFPI-2. We also 
describe the expression and purification of recombinant 
TFPI-2 and report that TFPI-2 readily inhibits factor Vlla- 
tissue factor amidolytic activity in a reaction that is signifi- 
cantly enhanced by low levels of heparin. 

MATERIALS AND METHODS 

Materials. Mono Q, Mono S, Superose 12, and SDS/PAGE 
low molecular weight standards were obtained from Phar- 
macia. Benzoyl-Ile-Glu-Gly-Arg-/?-nitroanilide (S-2222), 
D-Phe-Pip-Arg-p-nitroanilide (S-2238), D-Ile-Pro-Arg-p- 
nitroanilide (S-2288), and D-Val-Leu-Lys-p-nitroanilide (S- 
2251) were from Helena Laboratories. L-l-Tosylamido-2- 
phenylethyl chloromethyl ketone-treated trypsin was from 
Worthington. All other reagents were the best grade com- 
mercially available. 

Human factor Xa, human thrombin, S376A factor X (re- 
combinant human factor X with the active-site Ser-376 re- 
placed by alanine), and rabbit anti-human TFPI IgG were 
prepared as described (6, 7, 13). Recombinant human factor 
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Vila was prepared as described (14) and kindly provided by at 0.5 ml/min. TFPI-2 activity was eluted in a gradient 

Ulla Hedner (Novo-Nordisk, Copenhagen). Full-length re- composed of 25 mM sodium citrate, pH 5.0/10% glycerol and 

combinant human tissue factor apoprotein was prepared as 25 mM Tris-HCl, pH 7.5/10% glycerol/1 M NaCl. Fractions 

described (15) and generously provided by Gordon Vehar from the Mono S column containing TFPI-2 activity were 

(Genentech). Tissue factor apoprotein was relipidated as pooled, concentrated to «1 ml by ultrafiltration, and sub- 

descnbed (7). All proteins were homogeneous as judged by jected to Superose 12 FPLC at room temperature in 50 mM 

SDS/PAGE (16). Tris-HCl, pH 7.5/100 mM NaCl. Fractions eluted from the 

cDNA Isolation and Sequencing. A human placenta cDNA Superose 12 column with TFPI-2 activity were subjected to 

library (Clontech, no. HL-10756) was screened with an SDS/PAGE, and pure fractions were pooled and stored at 

antisense 30-mer oligonucleotide, 5 '-GTTGTTGCTGT- -80°C 

TGCCTCCGCAGCCTCCGTA-3'. Plaques (2.4 x W) were Effect ofRecombinant TFPI-2 on the Amidolytic Activities of 

screened at low hybridization stringency. Nylon membranes Factor Vila-Tissue Factor, Factor Xa, and Thrombin. Relip- 

were hybridized with probe at 55°C in 5x SSPE (lx is 0.15 idated recombinant tissue factor apoprotein (20 nM effective 

M NaCl/10 mM NaH 2 P0 4 /l mM EDTA, pH 7.4)/5x Den- concentration) and recombinant factor Vila (20 nM) were 

hardt's solution/0.5% SDS containing salmon sperm DNA coincubated in a 96-weIl microtitration plate in 50 /d of 10 mM 

(100 /ig/ml). Filters were washed at 60°C in 2x standard Hepes, pH 7.45/137 mM NaCl/4 mM KC1/11 mM glucose/5 

saline citrate with 0.1% SDS. Positive plaques were purified mM CaCl 2 /0.5% bovine serum albumin (buffer B). After a 

and the largest EcoRl insert was subcloned into pUC19 and 5-min incubation at 37°C, 50 /d of either TFPI-2 (0-400 nM) 

sequenced (17). TFPI-2 (0-400 nM)/S376A factor X (200 nM), or TFPI-2 

Mammalian Cell Expression. The full-length cDNA for (0-400 nM)/heparin (0.4 unit/ml) dissolved in buffer B was 

TFPI-2 was directionally cloned into expression vector added to the well and incubated for 15 min at 37°C At this 

Zem229R and expressed in BHK cells (18). point, 50 Ad of S-2288 (3 mM) was added to the well and A^ 

Trypsin Inhibitor Assay. Samples (20-100 /xl) of condi- was determined in a kinetic microplate reader (Molecular 

turned medium from transfected BHK cells were added to 300 Devices; model UVmax). The inhibition of 10 nM human 

Ad of trypsin (2.4 Aig/ml) in 50 mM Tris-HCl, pH 7.5/100 mM factor Xa and 10 nM human thrombin by various concentra- 

NaCl. After incubation for 30 min at room temperature, 20 fjl tions of recombinant TFPI-2 was assessed separately in this 

of 10 mM S-2251 was added and residual trypsin activity was system using S-2222 and S-2238, respectively, as chromo- 

measured at 405 nm. genie substrates. 

Purification ofRecombinant TFPI-2. Recombinant TFPI-2 

was purified from conditioned BHK medium by sequential pitctti tc 

chromatography on heparin-agarose, Mono Q, Mono S, and RESULTS 

Superose 12. Serum-free medium («5 liters) was adjusted to Molecular Cloning and Nucleotide Sequencing of a TFPI-2 

pH 7.5, filtered through a 0.22-Aim filter, and applied to a cDNA. A human placental cDNA library was screened with 

column (2.6 x 35 cm) of heparin-agarose equilibrated at 4°C an oligonucleotide probe that could encode a protein homol- 

with 50 mM Tris-HCl, pH 7.5/10% (vol/vol) glycerol (buffer ogous to Kunitz inhibitor domains and exhibited positive 

A) at 3 ml/min. The column was washed with buffer A/0.2 M signals on a Northern blot of human placental mRNA under 

NaCl. TFPI-2 activity, as judged by its ability to inhibit conditions of reduced hybridization stringency. Since the 

trypsin, was eluted from the column with 1 M NaCl in buffer sizes of the placental mRNAs did not correspond to the 

A. The 1 M NaCl eiuent was then dialyzed at 4°C against 25 known transcript sizes of any previously identified proteins 

mM Tris-HCl, pH 7.5/10% glycerol and the retentate was containing Kunitz inhibitor domains, these data implied the 

applied at room temperature to a Mono Q HR 5/5 column existence of an additional protein or proteins in placenta with 

equilibrated with 25 mM Tris-HCl, pH 7.5/10% glycerol. structures possibly related to novel Kunitz inhibitors. During 

TFPI-2 was eluted from the column in a linear gradient of the library screening, several plaques were identified that 

0-0.5 M NaCl. Mono Q TFPI-2 fractions were pooled, showed positive hybridization with the oligonucleotide probe 

dialyzed against 25 mM sodium citrate, pH 5.0/10% glycerol, at reduced hybridization stringency (60°C). Fourteen of the 

and applied at room temperature to a Mono S HR 5/5 column plaques were purified, 4 of which were related to each other 
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*****••**********••*******♦***•********•**•********••#***•***•**•**#•**#**♦»•••••*#*#**#*»«#♦♦##*♦## ********* 

510 520 530 540 550 560 570 580 590 600 610 620 

CCATCATTTTGCTACAGTCCAAAAGATGAGGGACTGTGCTCTGCCAATGTGAC 495 
9 * F M*I**!*M*****S**!**£**i* CS * ,,VT " yrr * lp,,1f « T C0AFTYTGC6GII0(l196 

«0 640 650 660 670 680 690 700 710 720 730 740 750 

T AACT TTGTTAGCAGGGAGGATTCiCAAACGTGtATGTGCAAAAGCT TTGAAAM 750 

NFVSREDCKRACAKALKKKKKMPKIRFASR IRK t RKKQF* 235 
************************************ 

760 770 780 790 800 810 820 830 840 850 860 870 

TCTTAATATGTCATCTTGTT1GTCTTTATG6CTTATTTGCCTTTATGGT 675 

880 890 900 91 0 920 930 940 950 960 970 

TCACTTTTTCAAAAATTTGGATTTTTTTATATATAACTAGCTGCTATTCAAATGTGAGTCTACCATTTTTAATTTATGGTTCAACTGTTTGTGAGACTGAATTC 979 

Fig. 1. Nucleotide sequence of cDNA clone for TFPI-2. The predicted signal peptide is underlined. The Kunitz-type domains are 
underscored with stars. 
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Fig. 2. Amino acid sequence alignment of TFPI-2 with TFPI. The last amino acid of each potential signal peptide is marked with a caret. 
The Kunitz-type domains are indicated by stars. TFPI-2 sequence identities with TFPI are indicated by vertical lines, and conservative amino 
acid substitutions are indicated by colons. 



by DNA hybridization. These four plaques coded for a 
homolog to the amyloid precursor protein, APPH (12). The 
remaining 10 clones were also related to each other by 
hybridization analysis but distinct from APPH. The longest 
clone contained a cDNA insert of »990 bp and appeared to 
represent a full-length transcript with a 5' noncoding region 
of 38 nt, an open reading frame of 705 nt encoding a 235-aa 
protein, and a 3' noncoding region of 235 nt. 

The encoded protein shows considerable sequence and 
overall domain organization similarity with human tissue 
factor pathway inhibitor (Fig. 1). In view of the structural 
similarities between this protein and TFPI, we refer to this 
protein as TFPI-2. Like TFPI, TFPI-2 appears to have a 
classical signal peptide that directs insertion into the endo- 
plasmic reticulum and secretory pathway, a short amino- 
terminal region rich in acidic amino acids, three tandem 
Kunitz-type inhibitor domains, and a short carboxyl-terminal 
domain enriched in basic amino acids. The signal peptide is 



predicted to be cleaved following Gly-22, which conforms to 
the -1,-3 rules of signal peptidase specificity (19). Following 
the signal peptide is a short region of 13 aa in which the only 
charged residues are three glutamic residues. The acidic 
region is followed by three tandem Kunitz-type inhibitor 
domains that are homologous to the three tandem Kunitz- 
type domains in TFPI (Fig. 2). The predicted secondary 
folding structure for TFPI-2 is illustrated in Fig. 3. Individ- 
ually, the Kunitz-type domains of TFPI-2 are homologous to 
the corresponding domains in TFPI as follows. Domain 3 is 
the most highly conserved, with 53% sequence identity with 
domain 3 of TFPI. Domain 1 exhibits 43% identity and 
domain 2 exhibits 35% sequence identity. The Kunitz-type 
domain 2 in TFPI-2 is also unusual in that it contains an 
additional 2 aa between the fourth and fifth cysteine residues, 
making this loop longer than most Kunitz-type family mem- 
bers. The presumed Pi reactive-site residue of the first 
Kunitz-type domain in TFPI-2 is arginine, whereas lysine 




Fig. 3. Predicted secondary folding structure for TFPI-2. Disulfide bonds are assumed on the basis of the crystal structure of bovine 
pancreatic trypsin inhibitor (20). Arrows indicate the locations of the presumed Pi residues of the reactive-site cleft for the Kunitz domains. 
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occupies this position in TFPI. The presumed P x position in 
the second domain of TFPI-2 is glutamic acid, while arginine 
is found in this position in TFPI. The presumed Pj position 
of the third Kunitz-type domain in TFPI-2 is serine. The 
sequence alignment of TFPI-2 with TFPI indicates that the 
spacer sequences between individual Kunitz-type domains in 
TFPI-2 are considerably shorter than those observed in 
TFPI. 

Following the Kunitz-type domains in TFPI-2 is a car- 
boxyl-terminal tail of 27 aa of which ~50% (13/27) are basic, 
including a stretch of 5 consecutive lysine residues. This 
region in TFPI-2 is highly homologous to the corresponding 
region in TFPI, which is slightly longer but also contains 13 
basic amino acids that include a consecutive stretch of 6 basic 
residues. In TFPI, this region is highly susceptible to prote- 
olysis and is essential for full anticoagulant activity in dilute 
thromboplastin clotting-time assays (9). 

The cDNA sequence also encodes two putative N-linked 
glycosylation sites in TFPI-2, at Asn-116 and Asn-170 in the 
second and third Kunitz-type domains, respectively. Based 
on a calculated molecular mass of 24.6 kDa for the carbo- 
hydrate-free protein and an observed molecular mass of 32 
kDa for the expressed protein (see below), it is very likely 
that both Asn-116 and Asn-170 are glycosylated in the 
secreted molecule. 

Northern blot analysis of human tissues with TFPI-2 
cDNA reveals that this gene is transcribed in human umbil- 
ical vein endothelial cells, placenta, and liver (data not 
shown). One major transcript is apparent at 1.4 kb with a 
possible minor transcript at «2 kb. From the size of our 
longest clones, we are apparently reporting an incomplete 
transcript that is missing some of the 3' noncoding sequence, 
since no polyadenylylation sequence is seen. The EcoKl site 
at the 3' end appears to be an internal site, as no linker 
sequence is seen at this end. Therefore, the mRNA size 
would predict an additional 400 bp of 3' (or 5') noncoding 
sequence in a full-length transcript. 

Expression, Purification, and Characterization of Recombi- 
nant TFPI-2. The cDNA for TFPI-2 was inserted into a 
mammalian cell expression vector and expressed in BHK 
cells as described above. Conditioned medium from- clonal 
cell lines was assayed for trypsin-inhibitory activity and one 
clone exhibiting the highest level of trypsin-inhibitory activ- 
ity was selected for preparative-scale culture. Recombinant 
TFPI-2 was purified to homogeneity from «5 liters of BHK 
serum-free conditioned medium by a combination of heparin- 
agarose chromatography, ion-exchange FPLC, and Superose 
12 chromatography. In this procedure, aprotinin added to the 
medium to prevent degradation of the TFPI-2 was effectively 
separated from recombinant TFPI-2 in the 0.2 M NaCl wash 
of the heparin-agarose column. Approximately 1 mg of pu- 
rified TFPI-2 was obtained from 5 liters of conditioned 
medium by this procedure. Purified recombinant TFPI-2 
migrated as a single band in SDS/PAGE with an apparent 
molecular mass of 32 kDa in the presence or absence of 1096 
2-mercaptoethanol (Fig. 4). Ammo-terminal sequence anal- 
ysis of a single preparation of recombinant TFPI-2 indicated 
a major sequence (=70%) of Asp-Ala-Ala-Gln-Glu-Pro-Thr- 
Gly-Asn-Asn and a minor sequence (=30%) of Ala-Gln-Glu- 
Pro-Thr-Gly-Asn-Asn, suggesting either alternative cleavage 
sites for the signal peptidase or possible amino-terminal 
degradation by exopeptidases during TFPI-2 purification. In 
spite of its structural homology to TFPI, the purified recom- 
binant TFPI-2 failed to react with rabbit polyclonal anti- 
human TFPI IgG in a sensitive ELISA (data not shown). 

As purified recombinant TFPI-2 strongly inhibited the 
amidolytic activity of trypsin, we next determined the effect 
of purified recombinant TFPI-2 on the amidolytic activities of 
human factor Xa, thrombin, and the factor Vila-tissue factor 
complex. Recombinant TFPI-2 inhibited the amidolytic ac- 



Proc. Nad. Acad. Sci. USA 91 (1994) 




Fig. 4. SDS/PAGE of recombinant TFPI-2. Reduced (with 10% 
2-mercaptoethanol) and unreduced samples were electrophoresed in 
a 10% polyacrylamide slab gel. Lane 1, 15 fig of unreduced TFPI-2- 
lane 2, 15 /ig of reduced TFPI-2; lane 3, mixture of reduced standard 
proteins including phosphorylase b (94 kDa), bovine serum albumin 
(67 kDa), ovalbumin (43 kDa), carbonic anhydrase (30 kDa), and 
soybean trypsin inhibitor (20 kDa). 

tivity of 10 nM factor Vila-tissue factor toward the chromo- 
genic substrate S-2288 in a dose-dependent manner (Fig. 5). 
The presence of 100 nM S376A factor X enhanced this 
reaction, suggesting complex formation between nascent 
S376A factor Xa and TFPI-2 that modulated the inhibition of 
factor Vila-tissue factor by TFPI-2 similar to, but not to the 
same extent as, that observed for TFPI (7). Further, in the 
presence of heparin at 0.2 unit/ml, the concentration of 
TFPI-2 required to half-maximally inhibit 10 nM factor Vila- 
tissue factor was reduced « 10-fold relative to the absence of 
heparin (Fig. 5). Control studies indicated that heparin at 0.2 
unit/ml had no effect on factor Vila-tissue factor amidolytic 
activity. Under comparable conditions, TFPI-2 at high con- 
centrations weakly inhibited the amidolytic activity of 10 nM 




TFPI-2 CONCENTRATION (nM) 



Fio. 5. Effect of recombinant TFPI-2 on the amidolytic activities 
of human thrombin, human factor Xa, and a complex of human factor 
Vila-tissue factor. Various concentrations of TFPI-2 were incubated 
at 37°C for 15 min with either 10 nM thrombin (□), 10 nM factor Xa 
(v), or 10 nM factor Vila-tissue factor (o) in a microtitration plate. 
In separate experiments, various concentrations of TFPI-2, in the 
presence of either 100 nM S376A factor X (•) or heparin at 0.2 
unit/ml (v) were incubated with 10 nM factor Vila-tissue factor. 
After a 15-min incubation, 50 yl of either 3 mM S-2238 (□), 3 mM 
S-2222 (?), or 3 mM S-2288 (o, 7) was added to the well and Aws 
was determined in a kinetic plate reader. Each point represents the 
average of triplicate determinations. 
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human factor Xa toward S-2222 but was without effect on the 
amidolytic activity of human thrombin toward S-2238 (Fig. 
5). In contrast to the results observed for the inhibition of 
factor Vila-tissue factor by recombinant TFPI-2, the weak 
inhibition of factor Xa amidolytic activity by recombinant 
TFPI-2 was not measurably affected by the presence of 
heparin at 0.2 unit/ml. 

DISCUSSION 

The present data establish the existence of a Kunitz-type 
tissue factor-pathway inhibitor, TFPI-2, that is structurally 
related to human plasma TFPI. A full-length cDNA for 
TFPI-2 was isolated from a human placenta cDNA library, 
and plasmids containing this cDNA were constructed and 
transfected into BHK cells. Recombinant TFPI-2 was puri- 
fied from BHK cell conditioned medium and migrated in 
SDS/PAGE as a single band at 32 kDa. Purified recombinant 
TFPI-2 exhibited an amino-terminal sequence identical to 
that predicted by the cDNA, although ~30% of the prepa- 
ration lacked a dipeptide at the amino terminus, suggesting 
either an alternative cleavage site for the signal peptidase or 
amino-terminal processing by an exopeptidase during TFPI-2 
purification. Recombinant TFPI-2 was a relatively strong 
inhibitor of factor Vila-tissue factor amidolytic activity but 
inhibited only weakly the amidolytic activity of factor Xa. 
Heparin augmented the inhibitory activity of TFPI-2 toward 
the factor Vila-tissue factor complex, presumably through 
its interaction with the polycationic carboxyl-terminal tail of 
TFPI-2. 

The striking degree of amino acid sequence homology and 
the conservation of overall domain structure between TFPI 
and TFPI-2 indicate that these genes have, in all likelihood, 
evolved by gene duplication. The highly conserved regions of 
sequence within Kunitz-type inhibitor domains, as well as the 
carboxyl-terminal basic amino acid-rich region, strongly sug- 
gests functional similarity between these proteins within their 
relative biological contexts. While studies (6-8) have shown 
that TFPI alone is capable of inhibiting factor Vila-tissue 
factor activity, it is a relatively weak factor Vila-tissue factor 
inhibitor in the absence of factor Xa (7) . Although not proven, 
it is assumed that TFPI inhibits factor Vila-tissue factor in 
the absence of factor Xa through the interaction of the factor 
Vila active site and the Pi lysine residue of the first Kunitz- 
type domain. In contrast to TFPI, TFPI-2 has an arginine in 
the Pi position in the first Kunitz-type domain, whereas the 
Pi residues in the second and third Kunitz-type domains are 
glutamic acid and serine, respectively. Thus, the second 
Kunitz-type domain in TFPI-2 may have lost its specificity 
for factor Xa. In addition, given that factor Vila-tissue factor 
exhibits a kinetic preference for synthetic substrates with a P x 
arginine residue (21), it is very likely that the first Kunitz-type 
domain in TFPI-2 is responsible for the inhibition of factor 
Vila-tissue factor amidolytic activity observed in this study. 

While the physiological function of TFPI-2 is unknown, the 
localization of TFPI-2 in umbilical vein endothelial cells, 
placenta, and liver, coupled with its ability to inhibit factor 
Vila-tissue factor activity, suggests a specialized role for this 
protein in hemostasis. The placenta is rich in tissue factor (22) 
and is a highly vascularized tissue with high volume blood 
flow to promote efficient nutrient exchange between the 
maternal and fetal vascular systems. Inasmuch as Northern 
analyses revealed 100-1000 times more TFPI-2 mRNA than 



TFPI mRNA in a poly(A) + RNA preparation from placental 
tissue (C.A.S. and D.C.F., unpublished results), it is tempt- 
ing to speculate that TFPI-2 plays a role in the regulation of 
tissue factor-initiated coagulation in placental tissue and may 
be important for hemostasis in pregnancy. In this connection, 
it is particularly noteworthy that pulmonary embolism rep- 
resents the leading non-obstetric cause of postpartum death 
(23). Accordingly, it will be of great interest to determine 
whether TFPI-2 circulates in blood and, if so, whether its 
plasma level changes in women during and after pregnancy. 
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